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LNCUSSIHED  ABSTRACT 


T!\e  Applications  Study  was  conducted  as  a  part  of  the  Advanced  Develop¬ 
ment  rrO(,ra3  for  a  tligh  Pirfor  lance  Staged  Co.nbustlon  Oxygen/Hydrogen 
Rocket  Engine.  Tlie  overall  objective  of  the  Applications  Study  was  to 
Investigate  the  application  of  this  engine  In  six  representative  advanced 
n'cket  stages  and  to  determine  the  resulting  pe  i  f  orr.jnce .  A  stage  figure 
of  rerlt  (referred  to  as  tie  Perfe  rsance  Index,  Wj^Jwas  specified  and  used 
for  perfor-jnce  e  a  luat  lo-,.  Performance  Index  Included  considerations  of 
engine  specific  lapulsa,  weight,  size,  and  Installation  features  as  these 
para-eters  affect  vehicle  performance.  Engine  associated  weight  Includes 
Items  such  as  thrust  structure,  feed  line*:,  thrust  vector  control,  failure 
detection  equipment,  and  propellant  tank  pressurization.  The  analysis 
was  c.  nducted  at  250K  and  350K  vacuum  thrust  levels  In  each  of  six  vehicle 
appl Icatlons. 

Based  upon  the  results  of  the  Applications  Study,  the  lightweight  two- 
posltlcn  bell  nozzle  was  selected  as  the  basic  engine  nozzle  configuration. 
Engine  nozzle  eXiianslon  ratio  varied  considerably  In  each  of  the  six  vehicle 
cases.  Lower  stages  tended  to  optimize  with  lower  expansion  ratio  nozzles 
and  upr»?r  stages  with  higher  expansion  ratios.  A  common  c  iglne  module  size 
for  both  the  25CK  and  350K  thrust  levels  was  determined  by  collectively 
considering  the  requirements  for  all  six  vehicles.  Final  Performance 
Index  values  were  determined  using  this  common  engine  module  and  exhaust 
nozzles  Individually  selected  (expansion  ratio,  contour,  fixed  or  two- 
posltlon)  to  provide  best  vehicle  performance.  Tlie  final  summed  per* 
formance  of  the  six  vehicle  cases  (250K  engine)  was  98. 2S  of  the  per* 
formance  that  could  be  realized  for  cases  where  the  engine  nodule  wae 
individually  sized  In  each  vehicle  cacc. 

A  complete  engine  description  Including  parametric  data  and  operating 
parameters  la  Included  In  the  report. 
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CONFICEtinAL 


SECTION  1 
INTRODUCTION 


(U)  TTils  final  report  kunrurlzes  the  te&ulti  of  the  Applicationt  Study 
portion  of  the  Advanced  Develop-'ient  Program  for  a  High  Performance 
Cryogenic  Rocket  Engine.  Tie  overall  purpose  of  the  analysll  was  to 
evaluate  performance  of  the  high-pressure,  bell-nozzle  engine  concept 
in  six  different  propulsion  applications.  A  secondary  objective  was  to 
evaluate  vehicle  performance  Improvements  possible  with  Improvememts  in 
engine  perfor.nance  or  different  operating  nodes.  A  specified  general 
approach  and  a  figure  of  merit  (Performance  Index)  were  used  throughout 
the  study  of  the  six  specified  vehicle  configurations. 

(C)  Six  vehicle  cases  were  studied  for  250K  and  3S0K  vacuum  thrust  engine 
sizes.  The  six  cases  specified  for  this  study  were; 

Case  1  •  expendable  lower  stage 

Case  2  -  expendable  upper  stage 

Case  j  •  expendable  sl.igle-stage  to  orbit 

Case  4  •  recoverable  lower  stage 

Case  5  -  rccovcr.ible  upper  stage,  pick-a-back 

Case  6  -  recoverable  upper  stage,  tandem. 

These  application  cases  are  shown  schematically  for  both  engine  sizes  in 
figures  1  and  2. 


UPPER  STAGES 

CASB  NO.  2  ■  eXPENOABLB 


SEA  LEVEL  STAGES 

CASE  NO.  I  -  BXPENDABLB 


Cross  Wl  S  :m.000  Ik 
SV  «  IS.OOO  fl/s«c 


Cross  Wt  •  #00,000  Ik 
SV  0  10,000  rt/so( 


CASE  NO.  I  -  REUSABLE  (PICK  A  BACKI  CASE  NO.#  ■  SINGLE  STACE  TOORBIT 


Cross  V'(  o  500,000  Ik 
SV  s  14,000  fVssc 


CASE  NO.  4  ■  REUSABLE  ITANDEMI 


Cross  Wl  0  tM,000  Ik 
SV  a  14,000  R/Ssc 


Cross  Wl  s  *00,000  Ik 
aV  s  24,000  fl/i«c 


CASE  NO.  4  ■  REUSABLE 


Cross  Wt  s  I.2N.OOO  Ik 
SV  o  10,000  ft/sse 


Figure  1.  Application  Study  Vehicles, 
2S0K  Engines 
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CO!.TiDENTiAl 


UPPER  STAGES 
CA-Se  NO  I  -  EXI-ENDABU 

CrMt  Wl  •  SM.OdO  ft 
4V  •  I  *.000  ri/MC 


SEA  I.EVEL  STAGES 

CASE  NO  I  LXEENDABLt 

c  :z3  ® 

Croat  Wl  •  VOO.OOO  ft 
tV  •  10,000  ri/MC 


CASE  NO  k  -  PEUSABLE  IPICK  A  BACKI 


CroM  Wl  I  SSO.OOO  ft 
tV  •  K.OOO  fVMC 


CAT”  NO  )  •  SINGLE  STAGE  TO-ORBJT 

<EC3  0 

Croat  Wl  a  *00.000  Ik 
AV  a  20,000  lyftm 


CASE  NO.  •  -  REUSABLE  ITANDEUI 


aV  a  le.OOO  ft/M( 


CASE  NO.  4  -  REUSABLt 


Croat  Wl  a  l^t.OOO  ft 
AV  a  10,000  fl/M( 


Figure  2.  Application  Study  Vehicles, 
3S0K  Engines 
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(U)  The  figure  of  ncrlt  used  in  the  Application  Study  is  the  Performance 
Index  and  Is  defined  In  equation  form  In  the  Air  Force  supplied 

application  paeVtage  (Appendix  1).  Tie  Performance  Index  calculation 
Includes  parameters  directly  associated  with  th:  vehicle  application 
along  with  engine  Installation  size  and  weight  parameters.  Tills  equation 
parametrically  considers  the  interaction  of  engine  perfo-mance ,  slae, 
and  location  with  overall  vehicle  performance.  Vehicle  requirements  and 
trajectory  parameters  were  specified,  however,  all  equipment  associated 
with  the  engine  installation  were  analyzed.  This  Included  trade>off 
studies  of  Individual  sub-cemponent  systems  along  with  evaluation  within 
the  overall  system  and  application. 

(U)  A  single  common  module  was  defined  by  detailed  optimization  procedures 
for  all  of  the  application  cases.  For  the  purpose  of  this  study  a  common 
module  was  defined  as  a  basic  engine  power  package  In  which  the  flow  rate 
and  chamber  pressure  remained  constant  for  all  six  vehicle  applications. 
The  high  pressure  i.nglne  concept  permits  the  sane  engine  power  package 
to  be  used  with  nozzle  skirts  of  different  area  ratio;  each  skirt  la 
therefore  tailored  to  provide  optimum  performance  for  a  specific  appll> 
cation  case. 

(U)  Engine  configurations  evaluated  Included  the  two*posltion  nozzle 
concept.  With  this  concept,  the  nozzle  skirt  is  retracted  to  reduce 
engl  le  length  and  Increase  sea  level  thrust  and  specific  impulse. 
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SECTION  11 
SUMMARY 


(U)  'Hie  applications  study  was  conducted  as  a  continuing  effort  throughout 
the  Phase  1  Advanced  Development  Program.  Perfcrnunce  Index  (W^)  values 
have  been  updated  as  new  or  Improved  engine  and  cngi  ne»  velilc  le  Interface 
data  became  available.  Initial  work  was  done  with  high  pressure  engines 
having  fixed  regeneratl voly  cooled  exhaust  nozzles,  however,  the  final 
values  sumrairlzed  In  this  report  (with  the  exiiptlon  of  Case  4)  are 
for  engines  using  lightweight  two-position  nozzles.  Case  4,  because  of 
ses*ere  diameter  constraints  and  ri'sultlng  low  area  r.itlo  requirements, 
shows  slightly  better  performance  with  t  fixed  nozzle.  All  other  cases 
show  a  Wx  Improvement  for  the  llghtweleht  two-position  nozzle  concept. 

(C)  Tables  I  and  11  provide  the  final  Wx  values  obtained  by  using  the 
common  exfJnslon  ratio  selection  technique  as  discussed  later  and  shown 
on  bar  No.  2  of  figure  3.  These  performance  oata  are  based  on  light¬ 
weight  two-posltlon  nozzle  engines,  except  for  Case  4,  which  used  a 
fixed  nozzle.  The  data  for  the  250K  application  cases  are  sumirairlzed 
In  table  I  and  table  11  Is  the  summary  for  the  350K  cases.  An  expansion 
ratio  of  250  was  selected  for  the  basic  250K  module  and  an  expansion  ratio 
of  300  was  selected  for  the  350K  module.  Other  pertinent  engine  and 
engine- vehicle  interface  data  are  also  shown.  The  application  cases  require 
a  wide  range  of  engine  mixture  ratio  as  shown  by  the  optimum  values  for 
each  case  in  tables  1  and  11. 

(U)  A  requirement  of  this  study  was  to  establish  a  com.tion  engine  module 
(or  power  package)  for  use  in  the  six  vehicle  cases.  The  exhaust  norrlc 
used  with  this  common  module  can  vary  in  area  ratio  (or  configuration) 
to  produce  optimum  stage  performance  with  the  limitation  that  no  engine  con¬ 
figuration  exceed  25CK  (350K)  vacuum  thrust.  With  the  high-pressure  bell- 
nozzle  engine  concept,  different  nozzles  can  be  used  with  the  same  basic  en¬ 
gine  m.odulc.  For  this  study  a  common  module  was  defined  .is  a  basic  engine  pow 
er  package  in  which  propellant  flow  rate  and  chamber  pressure  characteristics 
as  a  function  of  mixture  ratio  rrma»lns  constant  for  all  six  vehicle  cssra. 
Engine  thrust  will  vary  with  the  different  nozzles,  however,  as  noted  above 
vacuum  thrust  does  not  exceed  250K  (or  350K)  for  any  engine  configuration. 

(C)  It  was  found  that  Performance  Index  (Wx)  values  were  sensitive  to 
stage  thrust  since  a  constant  gross  weight  was  Imposed  by  the  i-chlcle  mod¬ 
ules.  Tills  sensitivity  occurs  because  of  vehicle  gravity  and  drag  losses 
and  was  especially  strong  In  the  lower  stages.  Performance  Index  valuea 
were  thus  dependent  upon  the  technique  used  to  istabllsh  the  basic  module 
size.  Engine  thrust  (with  a  constant  nozzle  expansion  ratio)  Is  a  function 
of  propellant  flow  rate,  l.e.,  thrust  Increases  with  Increasing  propellant 
flow  rate.  This  effect  of  propellant  flow  rate  on  Wx  Is  shown  In  figure  4. 

For  any  given  engine  expansion  ratio  there  Is  a  specific  module  flow  rate 
that  will  produce  250K  vacuum  thrust.  At  flowrates  higher  than  this  level, 
higher  vacuum  thrust  are  produced.  In  figure  4  the  vehicle  application 
case  lines  arc  dotted  for  propellant  flow  rates  that  would  produce  more 
th.in  250K  thrust  (with  tlie  nozzle  expansion  ratio  found  optimum  for  that 
stage).  The  vertical  dotted  line  at  a  propellant  flow  rate  of  536.4  Ib/sec 
represents  the  module  fltxa  rate  selected  In  the  final  optimization. 
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FitrCormanc*  Index,  (lb)  233,600  66,350  65,180  306,100  80,850  39,350 
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(C)  Bfcausr  of  the  r  I  tret  of  pru|<«‘!tant  flow  rate  on  ,  it  Wd»  ilt-ciJrd 
to  invf  s  t  i  c.a  tr  a  nunlK-r  of  opt  i  iti  2a  t  ion  toohnlqucs  in  .nldition  to  .he 
one  suggested  in  thi’  Air  Force  supplied  Applications  Package.  Tlie  results 
I'f  this  study  in  terns  ol  a  ni'rmalired  sumnation  of  values  are  shown 
in  tiguie  3,  The  first  har  (on  the  left  of  the  figure)  is  used  as  a 
standard  (lOUT.)  and  is  o!>t.iined  by  optimising  each  of  the  six  cases 
psira'iet  rical  ly  with  engines  having  230K  vacuun  thrust  at  all  points. 

TTie  re cu/i'nended  technique  (and  used  for  the  final  values  in  this 
report)  is  shown  on  the  second  bar.  This  bar  represents  a  composite 
surrrjtion  of  all  six  vehicle  cases  to  establish  the  expansion  ratio 
for  2iOK  vacuun  thrust  and,  thus,  co.nmon  module  size.  So  engine  was 
allowed  to  exceed  an  area  ratio  of  2i0,  thus  no  engine  exceeds  250K 
vacuum  thrust;  however,  higher  performance  could  be  obtained  with  thl^ 
technique  if-  Cases  2  and  6  were  allowed'  to  go  to  the  stage  matched 
optimum  area  ratio  of  400.  The  data  used  to  generate  the  performance 
shown  in  figure  3  are  discussed  in  detail  In  Section  V. 

(C)  A  supplementary  study  was  conducted  to  determine  if  vehicle  perfcr.mance 
improvements  (U,^)  could  l<e  obtained  by  selecting  other  than  a  constant 
engine  mixture  ratio  during  vehicle  flight.  It  was  postulated  that 
operation  of  the  engine  at  high  mixture  ratios  (and  lower  specific  Impulse) 
during  the  Initial  portion  of  the  flight  trajectory  would  lighten  the 
vehicle  more  rapidly  and  reduce  gravity  and  drag  losses.  Lenver  than  normal 
mixture  ratio  (higher  specific  impulse)  would  be  reserved  for  the  later 
portion  of  the  flight.  It  was  determined  that  programcming  the  mixture  ratio 
did  not  Improve  vehicle  performance.  A  similar  Investigation  was  made 
utilizing  the  capability  of  the  engine  to  operate  at  slightly  higher 
thrust  levels  at  mixture  ratios  other  than  S.O  or  7.0,  This  study 
showed  that  vehicle  performance  could  be  improved  by  operating  the 
engine  at  the  slightly  higher  thrust  and  higher  mixture  rstlos  In  the 
early  thrust  sensitive  part  of  the  flight  and  then  shifting  to  a  lower 
mixture  ratio  later  In  the  flight,  if  this  node  of  operation  were  used, 
a  new  engine  control  schedule  wou’.  be  required  because  the  present 
schedule  holds  thrust  constant  a.  mixture  ratios  from  5  to  7. 

(U)  A  study  was  conducted  to  determine  If  thrust  vector  control  by  sddl- 
tlon  of  a  secondary  fluid  in  the  exhaust  nozzle  to  create  a  differential 
pressure  field  was  competitive  with  mechanical  glmbaling.  It  was 
determined  that  mechanical  glmbaling  was  clearly  superior  In  all  six 
vehlcJt  cases. 
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SFCTION  III 

moduli:  excise  uEbciamoN  and  perfokmance 


(U)  Ttic  engine  mcxlulr  used  In  the  <ippllcatien  study  Is  a  high  performance 
oxygen/hydrogen  rocket  engine.  Tills  s«rtii'n  provides  a  functional  descrip* 
tlon  of  the  engine  concept  and  provides  performance  for  the  specific  mcxlulci 
selected  from  the  applications  study  optimization  analysis. 

A.  GENERAL  DESCRIPTION 

_(C)  Tlie  s  taged- co.abus t  ion  ,  high*,  pressure  engine  with  a  two*positlon 
nozzle  is  a  versatile,  compact,  high-perfc>i;Mnce  prcpulsion  system  for 
use  In  both  upper  and  lower  stages  of  the  advanced  vehicles  considered 
in  the  appl  Ications  study.  Tills  reusable  engine  Is  capable  of  main¬ 
taining  constant  thrust  over  a  mixture  ratio  range  of  5  to  7.  Nozzle 
Interchangeability  and  the  two- prsitlon  nozzle  concept  permit  operation 
of  the  same  engine  system  with  optimu.m  nozzle  area  ratios  for  improving 
the  performance  of  the  lower  stages  within  the  atmospitre;  and  providing 
the  high  perfor.mance  attainable  with  very  high  area  ratio  nozzles  In 
the  upper  stages.  Tills  Interchangcahility  Is  acnieved  by  having  a  con¬ 
stant  turbomach  Incry  power  package  and  attaching  tne  desired  nozzle  skirt 
for  the  various  application  requirements.  The  area  ratio,  at  which  the 
fixed  (primary)  nozzle  ends  and  the  translating  (secondary)  skirt  starts, 

Is  varied  to  optimize  the  performance  for  the  specific  application  study 
case.  An  Isometric  cut-away  of  the  basic  engine  with  a  lower  stage  two- 
posltlon  nozzle  Is  shewn  ir  figure  S. 

(C)  A  propellent  flow  schematic  Illustrating  the  principal  flow  paths 
and  the  functional  component  a ri angc.r.<‘nt  of  this  engine  Is  shown  In 
figure  6.  Hydrogen  and  oxyri  .  •'t' -  at  the  engine-driven  low-speed 

Inducers.  The  low-speed  ln‘.!oor>  -  .  tsod  to  minimize  vehicle  tank 
pressure  requirements  while  malnt-'iilr;  ♦■igh-speed  main  propellant  pumpa 
for  high  turbopump  ef!  :l(  clrs .  'he  :i-v-speed  fuel  Inducer  Is  a  single 
shaft  unit  with  a  high  s  ,">0  IFIc  sp-ed,  .ixial-flow  Inducer  driven  by  a 
partlal-adalsslon ,  slngle-sta',e  ,  .lydr i  tuiblne.  The  low-speed  oxygen 
Inducer  is  also  a  single  shaf.  uuil  w'lh  t  high  specific  speed,  axial- 
flow  Inducer  driven  by  a  partial  ad  .-<>]  i,  single-stage  liquid  oxygen 
turbine. 

(C)  The  main  fuel  turbopump  Is  a  slug  e  shaft  unit  with  two,  back-to-back, 
centrifugal  pump  stages  driven  by  a  two-stage,  pressure-compounded  turbine, 

A  double  acting  thrust  balance  piston  la  provided  between  the  pump  and 
turbine. 

(C)  The  oxidizer  turbopump  Is  a  single  shaft  unit  with  a  tingle,  shrouded 
centrifugal  pump  stage  driven  by  a  two-stage,  pressure-compounded  turbine. 

A  single-acting  thrust  balance  piston  ia  provided  between  the  pump  and 
turbine. 
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Figure  6.  Propellant  Flow  Schenuitic  FD  21002B 

(C)  The  preburner  Injector  consisti  of  dual-orlflce  tangential-cwirlcr 
Oxidizer  Inject.'ir  elements  and  va rlablc>area  fuel  injector  elements. 

A  combination  liquid  oxygen  throttle  valve  and  flow  divider  valve  it 
Incorporated  at  the  rear  of  the  Injector  assembly  to  vary  the  total 
oxidizer  flew  rate  for  turbine  Inlet  temperature  control,  to  adjuet 
the  rzlatlve  flow  of  the  primary  and  secondary  dementi,  and  adjust 
engine  power  level.  The  preburner  combustion  chamber  Is  an  Integral 
part  of  the  transition  case,  which  contains  the  turbine  drive  gas  ducts 
wod  a  cooled  outer  shell.  Tlie  main  turbopumps  are  mounted  to  the 
transition  case  with  a  plug- In  arrangement  of  the  turbines  for  main* 
tainability. 

(C)  The  main  chamber  Injector  consists  of  flxcd>arca,  tangentlal-swlrler 
oxygen  Injection  elements  arranged  in  radial  spraybars.  The  fuel  side 
(preburner  combustion  products  after  expansion  through  the  turbine)  is  a 
fixed-area  design  that  directs  fuel-rich  gas  flows  through  a  porous 
faceplate  to  provide  cooPng.  The  combustion  chamber  wall  Is  com'jsed 
of  a  hydrogen  cooled  liner  extending  from  the  Injector  face  through  the 
throat  region  to  a  point  immediately  downstream  of  the  throat.  The  liner 
is  composed  of  porous  plates  providing  transpiration  cooling. 

(C)  Tne  nozzle,  which  attaches  Inv-ed lately  downstream  of  the  throat,  Is 
composed  of  a  rcgeneratlvcly  cooled  section  and  a  low-pressure,  dump- 
cooled  section.  The  forward  portion,  which  Is  In  the  higher  heat  flux 
region.  Is  rcgeneratlvely  cooled  with  conventional  tubular  heat  exchangers. 

(C)  The  main  hydrogen  flew  Is  pumped  to  system  operstlng  pressure  levels 
by  the  main  fuel  pump  and  the  hydrogen  Is  then  ducted  to  cool  the  regen¬ 
erative  section  of  the  nozzle.  A  portion  of  the  fixed  nozzle  at  the  rear 
of  the  regcncratlvcly  cooled  section  Is  cooled  with  the  total  hytrogen 
flow  from  the  pump  in  a  single  pass,  counter- flow  heat  exchanger.  Most 
of  this  flow  exits  the  nozzle  at  a  downstream  point  and  Is  ducted  to 
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the  prrburnrr.  Ttir  rviulnder,  t  tniall  |>crtion  of  thr  hydrogen,  Is  used 
to  regenera  1 1  vely  cool  the  smaller  forward  section  of  the  regenerati  vely 
cooled  nozzle  and  is  subsequently  used  as  a  working  fluid  to  power  the 
fuel  lew-speed  inducer  drive  turbine.  Tliis  flew  is  then  used  in  the 
transpiration  cooled  main  chamber  walla.  Because  this  flow  rate  is 
greater  thun  required  for  transpiration  cooling,  a  portion  is  returned 
to  the  system  at  a  point  dcwnstieanr  of  the  turbines. 

(C)  A  snail  amount  of  hydrogen  is  used  at  low  supply  pressure  to  cool 
tlie  nozzle  skirt  downstream  of  an  expansion  ratio  of  35.  This  hydrogen 
is  heated  to  high  temperature  in  the  skirt  and  expelled  overboard  through 
small  nozzles  at  the  end  of  the  skirt.  (The  low  pressure  nozzle  skirt 
cooling  flow  is  ducted  from  the  discharge  of  the  fuel  low-speed  inducer.) 

A  quick-d i sconnec t  fitting  is  provided  to  stop  the  flow  when  the  secondary 
nozzle  is  retracted. 

(C)  After  being  pumped  to  system  operating  pressure,  the  oxygen  is  divided 
between  the  preburner  and  the  main  chamber.  The  sm.ller  portion  of  the 
flow  is  supplied  to  the  preburncr  and  is  burned  with  the  hydrogen.  The 
resulting  combustion  products  provide  the  working  fluid  for  the  main  tur¬ 
bines,  which  are  arranged  in  parallel.  The  turbine  exhaust  gases  are 
rejoined  and  directed  to  the  main  injector. 

(C)  The  main  chamber  oxygen  flow  provides  the  oxygen  low- speed  inducer 
turbine  working  fluid  and  uses  the  available  pressure  drop  between  the 
main  oxidizer  pump  discharge  pressure  and  the  main  chamber  for  turbine 
power.  The  oxidizer  flow  is  then  injected  into  the  main  combustion 
chamber  and  is  mixed  and  burned  with  the  fuel-rich  turbine  exhaust  gases. 
The  resulting  combustion  gas  is  then  expanded  through  the  bell  nozslt. 

(C)  The  primary  engine  thrust  and  mixture  ratio  controls  are  located  In 
the  liquid  oxygen  supply  lines  to  the  prcLurner  and  the  main  chamber  and 
in  the  variable-area  fuel  side  of  the  preburner  Injector. 

B.  PERFOR.MANCE 

(U)  The  complete  set  of  engine  parametric  data  used  as  the  basla  for  the 
applications  study  It  given  In  Appendix  11. 

1.  250K  Module 

(C)  The  complete  engine  Installation  optimization  analyala  of  the  six 
250K  module  application  study  cas*s  resulted  in  the  selection  of  s 
common  engine  module  developing  250,000  pounds  of  vacuum  thrust  at  an 
overall  nozzle  expansion  ratio  of  250.  The  bell  nozzle  la  a  mlnliaua 
surface  area  contour  and  translates  from  an  area  ratio  of  111.  A  layout 
of  the  vomnon  engine  Is  shown  In  flgura  7. 
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(C)  TTie  engine  characterlitlcs  are  bated  on  the  following; 

1.  High  pretsure,  staged-combustlon,  two-putltlon  bell 
nozzle  engine 

2.  Perforiraiicc  available  at  an  engine  prefllght  rating 
test  (PKRT)  (Flight  Engine  Per forinance  Level.) 

3.  Engine  Inlet  propellant  conditions  of 

a.  Minimum  hydrogen  net  positive  suction  head 
(NPSH)  -  60  ft 

b.  Minimum  oxygen  net  positive  suction  head 

(SPSH)  16  ft  *  •  • 

4.  Continuous  throttling  capability  between  lOOX  and  201 
of  rated  thrust 

5.  Mixture  ratio  range  of  S  to  7  at  all  thrust  levels 

6.  Thrust  vector  control  provided  by  mechanical  glmballng 

7.  Durability  of  10  hours  time  between  overhaul  (TBO)  , 

100  reuses,  300  starts,  300  thermal  cycles,  and 
10,000  valve  cycles 

8.  Lightweight  two*posltion  nozzle  that  translates  to 
provide  high  sea  level  and  altitude  performance,  in 
addition  to  compact  packaging 

9.  Performance  Is  based  on  the  use  of  dump  cooling  down¬ 
stream  of  an  expansion  ratio  of  35 

10.  For  high  expansion  ratio  nozzles,  radiation  cooling  la 
used  aft  of  the  lowest  expansion  ratio  permitted  by  heat 
flux  levels.  (This  expansion  ratio  varies  over  the 
parametric  range,  but  la  approximately  20C.)  If  radia¬ 
tion  cooled  nozzle  sklrta  were  not  used,  an  Insignificant 
Increase  In  engine  weight  would  result. 

(U)  A  table  of  engine  operating  parameterr  for  the  250K  common  module 
at  the  extremes  of  the  operating  range  of  chrust  and  mixture  ratio  la 
shown  in  table  111. 

(U)  Using  the  basic  propellant  flow  rate  characterlstlca ,  norzle  expanalon 
ratios  were  selected  for  the  requlrcmcnta  of  each  application  case. 

Table  IV  presents  relevant  engine  data.  Nozzle  contour  la  also  Indicated. 
A  complete  weight  breakdown  of  the  components  In  the  power  package  la 
provided  in  table  V. 
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(C)  Table  111.  Operating  Oiaracterlatlca  of  CoMOn  Module  Engine  (Continued) 
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(C)  Tabic  Ill.  Opcrcclnf  Character  la  Clcc  of  Coaw>n  Mcxlule  Engine  (Continued) 
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(C)  Table  IV.  Engine  PerCormance  Sumnury  (230k  Module) 
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(C)  Tiblc  V.  Power  Peckege  Corponent  Wrights 


25CK 

Module 

350K 

Module 

Fuel  Turbopump 

270 

370 

Fuel  LowSpeed  Inducer  Turbopump 

100 

no 

Oxidizer  Turbopump 

250 

340 

Oxidizer  Low-Speed  Inducer  Turbopump 

115 

130 

Plumbing 

no 

145 

Controls  and  Valves 

320 

405 

Transition  Cass 

280 

385 

Freburner  Injector  and  End  Cap 

275 

275 

Cumbustion  Chamber 

270 

340 

Main  Injector 

125 

170 

Cimbal 

40 

55 

Miscellaneous  Hardware 

75 

100 

— — 

— 

TOTAL 

2230 

2825 

(U)  Vaeuiua  ipeclflc  Irapulie  is  shown  tn  figure  8  ss  s  function  of  mixture 
ratio  for  the  selected  nozzle  expansion  ratios.  Altitude  performance 
for  the  Ic'cr  stage  cases  is  shown  in  figure  9.  The  optimum  altitude  for 
secondz.y  nozzle  translation  is  Indicated  by  the  change  in  slope,  A 
eoa>*lcCe  range  of  performance,  weight,  and  dimensional  characteristics 
fur  the  selected  common  250K  module  is  given  in  Appendix  IIX  as  a  functioe 
of  nozzle  configuration  and  mixture  retio. 

2.  3S0K  Module 

(C)  The  selected  compromise  engine  is  e  module  developing  350,000  pounds 
of  s-acuum  thrust  at  an  overall  nozzle  expansion  ratio  of  300.  Table  VI 
is  a  summary  of  the  engine  date  for  the  various  cases.  The  pewer  package 
component  breakdown  is  presented  in  table  V.  Figure  10  shows  vacuum 
performance  and  the  altitude  performance  is  shown  in  figure  11.  A  coa> 
plete  range  of  performance,  weight,  and  dimensional  data  for  the  selected 
3S0K  common  eoduls  are  presented  in  Appendix  111. 

Gl)  The  engine  characteristics  for  the  350K  module  are  similar  to  those 
provided  for  the  2S0K  module. 
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(C)  T«bl*  VI.  Inglnc  Perforaancc  Summary  (3S0K  Study) 
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SECTION  IV 

OniMIZATlON  STUDIES 


A.  PERFORMANCE  INDEX 

(U)  The  Perfornjnce  Index  equation  and  procedure',  outlined  in  the  vehicle 
applications  package  were  u»ed  to  evaluate  c.''ine  performanie  with  rea'istlc 
vehicle,  mission,  and  Installation  constraints.  Tlie  vehicle  application 
package  procedure  was  also  used  to  determine  the  best  common  module 
engine  and  to  optimize  stage  (six  applications)  performance  with  this 
module.  This  analysis  was  conducted  for  basic  propulsion  thrust  levels 
of  2S0K  and  350K.  The  "Vehicle  Applications  Package,  230K  Module"  supplied 
by  the  Air  Force  for  this  study  Is  reprinted  in  Appendix  1.  Appendix  1 
also  summarizes  pertinent  differences  between  the  250K  package  and  the 
3S0X  package.  The  six  application  study  vehicles  along  with  the  gross 
weights  and  M  requirements  are  shown  in  figures  I  and  2  for  the  230K 
and  3S0K  engines,  respectively. 

Gl)  Performance  Index  is  the  figure  of  merit  used  for  evaluating  Installed 
engine  performance  and  is  defined  as  follows: 


■  Performance  Index 

'4  ■  Stage  gross  weight  (lb  ) 

•  2 

>  Interstage  surface  aree  (ft  ) 

W.  “  Corrected  stage  burnout  weight  (lb  ) 
oc  ■ 

K  ■  Stage  welght'growth  constant 

W  a  Engine  Installation  weight.  Including  modules, 
*  thrust  structure,  propellant  lines,  etc.  (lb  ) 

2  " 

a  Fairing  surface  area  (ft  ) 

r  ■  Oxldlcer-tO'fucl  tank  mixture  ratio,  by  weigh*:. 


Performance  Index  represents  stage  burncut  weight,  less  the  weight  of 
the  engine,  engine  Influenced  hardware,  and  other  stage  Inert  weight. 


(U)  A  computer  program  was  used  to  make  all  performance  Index  calcu* 
latlons.  One  main  program  was  written  for  each  case,  to  permit  mission 
and  Installation  requirements  to  be  tailored  for  each  application.  To 
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pcrforia  the  Performance  Index  calculation  for  a  typical  cate,  the  following 
basic  Input  data  were  required: 

1.  Mlstion  and  application  deflnltioa 

2.  Installation  welKht  and  geometry 

3.  Engine  performance  and  geometry. 

1.  Mission  and  Application  Definition 

(C)  To  perform  the  Performance  Index  calculation,  stage  grots  weight 
(U|^)  and  stage  weight-growth  constant  (K)  were  defined  in  the  vehicle 
applications  package  for  each  case.  (Refer  to  Appendix  1.)  The  stage 
weight- growth  constant  (K)  provides  a  means  for  differentiating  the 
Inert  weight  differences  becueen  expendable  and  recoverable  upper  and 
lower  stage  applications  (l.c.,  the  K  value  is  greater  than  1.0  lor 
recoverable  Cases  A,  S,  snd  6  only}. 

(U)  The  corrected  stage  burnout  weight  Is  determined  from  propellant 
consumption  and  Is  calculated  from  vehicle  trajectory  and  engine  per- 
foruance  data,  Tlie  vehicle  application  package  provided  tne  following 
trajectory  data  for  each  application:  (Refer  to  Appendix  1  for  specific 
cases.) 


1.  Altitude  versus  velocity  (Cases  1  through  6) 

2.  Trajectory  loss  parameter,  L,  versus  velocity 
(Cases  1  through  6) 

3.  Stage  burnout  weight  correction  fictor  versus  maxinu* 
fairing  skirt  diameter  or  height- to- body  diameter 
(Cases  1 ,  3,  4,  snd  S) . 

(J)  Propellant  consumption  for  each  application  was  calculated  by  using 
a  modified  form  of  the  Ideal  velocity  equation  and  integrating  In  •  stcy> 
wise  manner  for  velocity  Increments  of  200  ft/sec  throughout  the  entire 
trajectory.  This  specified  equation  end  procedure  are  provided  In 
Appendix  X. 

(U)  The  provided  altltu.'*  versus  velocity  curve  was  used  to  determine 
the  ambient  pressure  surioundlng  the  engine  and  thus  to  determine  engine 
mcdule  instantaneous  delivered  spe:lflc  Impulse  for  each  velocity  Increi'cnt 
in  the  Integration  sequence.  The  trajectory  loss  parameter,  L,  data  were 
used  In  curve  fit  form  In  the  computer  program  to  calculate  the  trajectory 
losses  (gravity,  drag,  and  steering)  for  each  velocity  Increment  during 
the  Integration  process.  Stage  burnout  weight  correction  factor  la  applied 
directly  to  the  computed  burnout  weight  end  reflects  the  Performance  Index 
pcneltlea  Induced  by  skirt  drag  for  cases  where  skirt  diameter  cxceede 
stage  diameter. 

2.  Installation  Weight  and  (kometry 

(U)  All  weight  associated  with  the  engine  inatalletlon  le  included  In  the 
engine  Installation  weight  term  (W^).  The  installation  weight  (W,)  and 
fairing  (A*)  and  interstage  (Ai)  area  tense  accent  the  weight  end  geometry 

2d 


uf  rnginr  Installation  and  Inilurncfd  hardware  for  rach  application  In 
the  Ferformancr  Index  equation. 


(U)  By  using  the  constraints  and  vehicle  installation  dlagriris  prov.ded 
in  the  Vehicle  application  package,  ins tal  1  at  ioti  weights  for  each  appll* 
ration  were  determined  for:  (1)  thrust  structure,  (2)  propellant  feed- 
lines,  (3)  heatshield,  (4)  pressurization  system,  (5)  thrust  vector  con¬ 
trol  systems,  and  (6)  failure  detection  systems.  Tliere  weights  plus 
the  engine  modulc(s)  weight  comprise  the  (W,,)  term  shown  in  the  Per¬ 
formance  Index  equation.  A  detailed  description  of  t!>e  ‘nstallatlon 
systems  outlined  above  is  ptovided  In  Section  VI. 

(U)  Aerodynamic  fairings  (Aj)  and  Interstage  area  (A^)  are  directly 
associated  with  engine  and  stage  geometry.  For  each  case,  the  fairing 
area  (A£)  and  Interst.’ge  area  (Aj)  terms  in  the  performance  index 
equation  are  calculated  in  the  main  body  of  the  ccsmfajter  program. 

3.  Engine  Performance 

(I')  Engine  odule  performance  dat<t  required  to  calculate  the  correct 
stage  burnout  weight  for  the  Petforiwncc  Index  calculations  are  given 
In  Appendix  11.  These  data  can  be  used  for  determining  performance 
at  given  thrust  levels  and  for  the  constant  propellant  flew  rate  engine 
module.  Data  are  given  for  vacuum  and  all  altitude  conditions  along 
with  the  optimum  transition  altitude  for  the  two-positlon  nozzle,  Ihe 
transltl-n  altitude  Is  the  point  at  which  the  nozzle  Is  actuated  froa 
a  retracted  position  to  a  fully  extended  position. 

(U)  Oxldlzcr-to- fuel  tank  mixture  ratio,  r.  Is  an  Input  Item  In  the  Per¬ 
formance  Index  equation  and  reflects  the  importance  of  propellant  bulk 
density  on  stage  Inert  weight  (especially  for  the  recoverable  appll- 
ca*'lons) . 

B.  OTPIMIZATION  TECHNIQUES 


(U)  The  objective  of  the  Applications  Study  was  to  select  a  basic 
engine  module  and  to  evaluate  performance  In  all  of  the  vehicle  appli¬ 
cation  cases.  For  the  purpose  of  this  applications  study,  the  bas^c 
engine  module  is  defined  as  developing  25UK  (or  3S0K)  at  vacuum  con¬ 
ditions.  This  basic  cng''i  module  defines  an  engine  flow  rate  char¬ 
acteristic  as  a  function  .!  mixture  ratio.  The  flow  rate  characteristic 
as  well  as  such  parameters  as  chamber  pressure  remain  constant  for  all 
six  vehicle  cases.  The  sc.  teted  basic  engine  module  Is  referred  to  as 
the  common  module. 


(U)  In  the  final  optimization  process,  the  thrust  of  any 
limited  to  2S0K  (or  350K)  even  though  the  flow  rate  was 
(l.e..  It  Is  possible  to  exceed  the  basic  nodule  thrust 
expansion  ratio,  but  maintaining  flow  constant). 


module  was 
held  constant 
by  Increasing 
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(U)  A  b«>lc  asiumption  waa  that  all  cairt  are  equal  In  importanc*. 
Therefore,  the  selection  of  the  taste  or  coernon  module  wai  bated  on 
performance  analysis  of  all  the  cases;  however,  because  of  the  wide 
range  of  propulsion  requirements  within  the  six  application  casea,  the 
optimum  nozzle  expansion  ratios  and  optimum  tank  mixture  ratios  vary 
widely.  Further,  these  optimum  values  varv  with  the  basic  level  of 
propellant  flow  rate,  (i.e.,  common  module  area  ratio).  Further,  aa 
noted  in  Section  VI,  the  weight  of  the  various  installation  equipment 
varies  with  engine  mounting  location,  which  must  also  be  optimized. 

The  effect  of  varying  bell  nozzle  contour  must  be  evaluated;  and,  the 
primary  area  ratio  (point  at  which  the  two-position  nozzle  translates) 
must  be  optimized. 

(U)  The  following  variables  are  involved  in  the  optltLlzatlon  of  each 
cate: 

• 

1..  Tank  mixture  ratio 

2.  Nozzle  expansion  ratio 

3.  Engine  mounting  location 

4.  Nozzle  contour 

5.  Primary  area  ratio  (lower  stages  only). 

(U)  Given  a  basic  engine  constraint  such  as  constant  thrust  (propellant 
flow  will  vary  with  expansion  ratio)  or  constant  propellant  flow  rate 
(thrust  will  vary  with  expansion  ratio),  expansion  ratio,  mixture  ratio 
and  engine  location  can  be  optimized  by  the  procedures  aa  illustrated 
in  figures  12  and  13,  Figure  12  shows  the  upper  stage  technique  and 
figure  Iw  the  lower  stage  technique.  Engine  nozzle  contour  and  primary 
area  ratio  optimization  is  accomplished  hj  going  through  the  Initial 
optimization  technique  with  different  values  of  these  parairttera. 

1.  Upper  Stage  Optlmizatioa 

(U)  Figure  12  is  a  pictorial  representation  of  the  upper  stage  optiai* 
zatlon  procedure.  Initially,  the  Performance  Index  of  an  upper  stage 
case  as  a  function  of  mixture  ratio  for  varlwis  expansion  ratios  ia 
plotted  at  a  constant  mount  height.  For  each  expansion  ratio,  the  peak 
W„  determined  the  corresponding  optimum  mixture  ratio.  This  procedure 
is  then  repeated  lor  other  mount  heights.  The  peak  values  of  thus 
obtained^ are  then  plotted  as  a  function  of  engine  mount  height.  Tl>ese 
curves  are  at  the  optimum  mixture  ratio  for  each  expansion  ratio.  The 
final  step  in  this  optimization  procedure  is  plotting  the  detersined 
peak  values  as  a  function  of  the  case  expansion  ratio  to  obtain  the 
complete  optiiiization. 

2.  Lwer  SUgc  Optimization 

(U)  The  optimization  procedure  for  the  lower  stage  cases  Is  the  saaw 
as  for  the  upper  stage  cases  except  the  procedure  includes  the  additional 
variable  of  engine  mount  radius.  A  pictorial  representation  of  the  Iwer 
stage  optimization  procedure  is  presented  in  figure  13. 
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(U)  During  initial  stiidiri  the  optimon  engine  mount  height  and  giabal 
point  radius  were  determined  by  the  procedure  outlined  above.  Based  on 
the  experience  gained  for  each  case,  the  computer  was  thereafter  used 
directly  to  determine  optimum  engine  uount  height  and  ginbal  point  radius 
for  succeeding  Performince  Index  calrulat '  ons .  Ttiis  was  accomplished  by 
"boxing  in"  the  optimum  engine  mounting  location  with  a  parametric  range 
of  mount  height  and  gimbal  point  radii  locations  for  each  expansion  ratio 
point.  The  optimum  mount  location  for  each  point  was  then  read  directly 
from  the  computer  output.  This  penults  the  initial  Wx  vs  mixture  ratio 
curves  in  the  upper  and  lower  stage  optimization  (figures  12  and  13) 
to  be  prepared  for  the  optimum  mounting  point. 


Figure  1.  .  Optimization  Procedure  for  au  FD  21998A 

Upper  Stage  Case 
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Figure  13.  Optlmiaallon  Procedure  for  tower 
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3.  Engine  Module  Size  Selection 

(U)  The  basic  engine  nodule  combustion  chanber*  turbopump  power  package 
size  was  selected  to  produce  th?  highest  sussmed  value  of  Perfornance 
Index  for  all  six  vehicle  cases.  During  the  study.  It  was  found  that 
Performance  Index  increased  with  nodule  size  in  all  six  cases  but  the 
effect  was  especially  strong  in  the  lower  stages.  The  module  site  was 
also  selected  so  that  no  stage  exceeded  tlie  specified  vacuum  thrust  level 
(250K  or  3S0K}  .  Upper  stages  reach  this  limit  first  as  they  tend  to 
optimize  with  high  area  ratio  nozzles  (thrust  increases  with  engine 
expansion  ratio  for  a  constant  module  size).  The  size  selection  opti¬ 
mization  technique  must,  thus,  balance  these  two  opposing  upper  and  lower 
stage  requirements.  The  technique  used  for  selecting  the  size  of  the 
module  fcommon  engine  module)  for  the  final  W,(  values  in  this  report 
was  based  on  a  summation  of  the  performance  of  all  six  cases  on  an  equal 
basis.  This  was  done  for  a  scries  of  basic  module  sizes  and  the  module  size 
giving  the  best  level  of  summed  perfoinnance  selected.  Ko  engine  was  allowed 
to  exceed  2S0K  vacuum  thrust  in  this  process.  Other  techniques  for  deter¬ 
mining  the  common  module  size  arc  discussed  In  Section  V. 

(U)  The  technique  used  for  selecting  the  common  module  size  is  shown 
plctorlally  In  figure  14.  The  2S0K  engine  module  size  Is  used  as  the 
example  in  this  discussion,  however,  the  same  technique  was  used  for 
Che  3S0K  engine. 

(C)  As  the  Initial  step  In  the  common  module  selection,  four  basic 
engine  s<zes  were  selected: 

1.  Engine  power  package  sized  to  deliver  250K  vacuum  thrust 
at  an  area  ratio  of  100;  propellant  flow  at  mixture 
ratio  of  6  ■  S49.9  Ib/aec. 

2.  Engine  pewer  package  sized  to  deliver  2S0K  vacuum  thrust 
at  an  area  ratio  of  200;  propellant  flow  at  mixture 
ratio  of  6  ■  .‘•39.3  Ib/sec. 

3.  Engine  power  package  sized  to  deliver  250K  vacuum  thrust 
at  an  area  ratio  of  300;  propellant  flow  at  mixture 
ratio  of  6  -  334  Ib/sec. 

4.  Engine  power  package  sized  to  deliver  250K  vacuum  thrust 
at  an  area  ratio  of  400;  propellant  flow  at  mlxt'ire 
ratio  of  6  ■  331.0  Ib/scc. 

(U)  Each  of  these  engines,  thus,  has  a  different  sized  pever  package 
that  delivers  230K  vacuum  thrust  at  onl;'  the  one  engine  expansion  ratio. 
These  engine  sizes  arc  identified  in  figure  14  as  "Engine  Module 
Size  • 
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(U)  During  Inl'ldl  studies  the  optimum  engine  irourt  height  and  glmbal 
point  radius  were  deternined  ty  (he  procedure  outlined  above.  Based  on 
the  experience  gained  for  each  case,  tlie  computer  was  thereafter  used 
directly  to  determine  optimum  engine  mount  heigtit  an-l  glmbal  point  radius 
for  succeeding  Performance  Index  calculations.  This  was  accomplished  by 
"boxing  In"  the  optimum  engine  mounting  location  with  a  parametric  range 
of  mount  height  and  glmbal  point  radii  locations  for  each  expansion  ratio 
point.  The  optimum  mow  .t  location  for  each  point  was  then  read  directly 
from  the  computer  output.  This  permits  the  l.nltlal  Wx  vs  mixture  ratio 
curves  In  the  upper  and  lower  stage  optimization  (figures  12  and  13) 
to  be  prepared  for  the  optimum  mounting  point. 
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Figure  12.  Optimization  Procedure  for  an  FD  21998A 
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Figure  13.  Optimization  Procedure  for  Lower  FD  21999A 

Stage  Care 

GONFIOEIjHAl 

(Tbit  pof*  tt  Unflo«  •■•lied) 


CONFIDENTIAL 


3.  Engine  Module  Size  Selection 

(U)  T.ie  basic  engine  aoJuIe  combustion  chambei- turbopump  power  package 
size  was  selected  to  produce  the  highest  r  u'^imed  value  o(  Performance 
Index  for  all  six  vehicle  cases.  During  the  study.  It  was  found  that 
Pe  r  f  o  rr:ia  n  ce  Index  Incre.ised  with  nodule  size  in  all  six  cases  but  the 
effect  was  especially  strong  In  the  lower  stages.  Tlie  module  size  was 
also  selected  so  chat  no  stage  exceeded  the  specified  vacuum  thrust  level 
(2S0K  or  330K)  .  Upper  stages  reach  this  limit  first  as  they  tend  to 
optimize  with  high  area  ratio  nozzles  (thrust  increases  with  engine 
expansion  ratio  for  a  constant  module  size).  Hie  size  selection  opti¬ 
mization  technique  must,  thus,  balance  these  two  opposing  upper  and  lower 
stage  requl re.men ts .  Tlie  technique  used  for  selecting  the  size  of  the 
nooule  (co  .vmon  engine  nodule)  for  the  final  values  in  this  report 
was  based  on  a  su.-.matlcn  of  the  performance  of  all  six  cases  on  an  equal 
basis.  This  was  done  for  a  scries  of  basic  module  sizes  and  the  module  size 
giving  the  best  level  of  sum.ned  performance  selected.  Ko  engine  was  allozed 
to  exceed  250K  vacuum  thrust  In  this  process.  Other  techniques  for  deter¬ 
mining  the  common  module  size  are  dlrcussed  In  Section  V. 

(U)  The  technique  used  fur  selecting  the  common  module  size  It  shown 
plctorlally  in  figure  14.  The  250K  engine  module  size  Is  used  as  the 
example  in  this  discussion,  however,  the  same  technique  was  used  for 
the  330K  engine. 

(C)  As  the  Initial  step  In  the  common  module  selection,  four  bsslc 
engine  sizes  were  selected: 

1.  Engine  power  package  sized  to  deliver  250K  vacuum  thrust 
at  an  area  ratio  of  100;  propellant  flow  at  mixture 
ratio  of  6  ■  349.9  Ib/tee. 

2.  Engine  power  package  sized  to  deliver  230K  vscuum  thrust 
at  an  area  ratio  of  200;  propellant  fl;w  at  mixture 
ratio  of  6  B  339.3  l'>/sec. 

3.  Engine  power  package  sized  to  deliver  2S0K  vacuum  thrust 
St  an  area  ratio  of  300;  propellant  flow  at  mixture 
ratio  of  6  B  534  Ib/sec. 

4.  Engine  power  package  sized  to  deliver  250K  vscuum  thrust 
St  an  area  ratio  of  400;  propellant  flow  at  mlxturt 
ratio  of  6  B  331. 0  Ib/sec. 

(U)  Each  of  these  engines,  thus,  has  a  different  sized  pewer  package 
that  delivers  23CK  vacuu.-!  thrust  at  only  the  one  engine  expsnsior.  ratio. 
These  engine  sizes  are  Identified  In  figure  14  as  "Engine  Module 
Size  - 
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(C)  In  the  next  step,  each  u(  the  six  veliicte  casei  Ik  optimized  for 
the  four  different  sizeJ  tiii^lnek,  l.e.,  •  100,  ?00,  300,  and  400, 

As  shown  In  figure  14,  the  initial  woiklng  riirvek  are  a  plot  of  va 
mixture  ratio  with  lines  of  constant  engine  t/.pansion  ratio;  each  plot 
accomplished  for  one  engine  size  (*m) •  These  ate  then  cross  plotted 
vs  engine  expansion  ratio  with  all  four  engine  sizes  («m)  on  one  plot. 

Peak  values  of  Wjj  for  each  engine  size  are  next  plotted  vk  engine  module 
size  ((sf).  All  six  vehicle  cases  are  then  plotted  on  one  curve  as 
percentages  of  peak  and  then  summed  and  replotted  as  one  curve.  The 
point  at  which  this  summed  W,^  curve  peaks  defined  the  best  basic  expan* 
slon  ratio  or  engine  module  size  fur  all  six  vehicles. 

(C)  Once  the  common  engine  size  (basic  expansion  ratio)  had  been  selected, 
it  was  possible  to  examine  the  performance  of  each  vehicle  case  to  determine 
its  optlnx-a  performance  with  this  power  package.  Cases  2  and  6  tend  to 
optimize  at  t^xpanslon  ratios  of  400  or  higher;  therefore,  because  there 
it  a  limit  of  250K  vacuum  thrust,  these  engines  could  not  exceed  the 
250  expansion  ratio  selected  for  the  common  module  size.  All  other 
cases  optimized  at  some  expansion  ratio  lower  than  the  basic  expansion 
ratio. 


<14  •  I00.700.MQ.4WI 

I^IIXTURB 

RATiO-r 

(A) 


EXPANSION 

RATIO'S 

m 


SIZB*S|| 


ENGINE  MODULE 

SIZE'tui 

o 


Nm*  a* 

Mh«m^  Umwa 

Figure  14.  Optlrfzaclen  Procedure  for  F.ngfnc  FD  22000A 
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(U)  'n>e  rffccts  of  n022lr  contour  are  not  ditc-ctly  within  tiir  c«»» 
optimization  procrdutr,  'Hil*  is  also  true  for  ttie  ptliiary  nozzle  area 
ratio  (two- pos  1 1  i  on  nozzle  engines)  fur  the  lower  staples.  Optimization 
of  tile  primary  nozzle  area  ratio  is  nut  necessary  for  tiie  upper  stages 
because  primary  nozzle  area  ratio  fa  selected  only  to  give  tlie  minlraura 
stowed  length  for  the  engine,  Prl'',ary  nozzle  area  ratio  does  not  affect 
engine  performance  because  upper  stage  engines  would  operate  only  with 
the  roz.'lc  extended.  The  co.plete  opt  imi  zait  ion  procedu'e  is  repeated 
for  s-arious  nozzle  contours  for  all  cases  a..d  wi  tii  vai'.ous  primary  area 
ratios  in  the  lower  stage  cases. 

C.  COLMON  HODLLE  SELECTION  (?50K  MODULE) 

1.  Case  Optlmlzatioa 

(C)  The  procedure  outlined  in  the  previous  paragraphs  was  used  to  optimize 
ech  application  case  and  to  select  a  cQm.mon  module  engine,.  The  convmon 
mooule  chosen  develops  2S0K  vacuum  thzMSt  at  a  nozzle  expansion  ratio  of 
2S0  with  a  minimum  surface  area  hell  nozzle  contour. 

(U)  The  evaluation  and  optimization  of  the  upper  stages  for  selection 
of  the  common  module  was  conducted  using  a  minimum  surface  area  bell 
nc,.’le.  Lower  stages  were  based  on  r.  axlraum  performance  contours.  Use 
of  thes*  contours  was  based  on  contour  evaluation  studies  discussed 
later  in  tliit  section.  The  basic  curves  used  are  shown  only  for  optlmuj* 
or  selected  crglne  locations,  because  the  described  computer  technique 
was  used  for  these  flrval  studies,  and  also  for  clarity  of  presentation, 

(C)  The  matrix  of  nlxfire  ratio  and  expansion  ratio  that  establish  the 
optlnum  case  expansion  ratio  were  completed  for  module  engine  sizes  100, 
200,  300,  and  400.  By  definition,  these  various  engine  sizes  will 
develop  2S0K  vacuam  thrust  at  a  nozzle  expansion  ratio  of  100  ,  200  ,  300, 
and  400.  The  following  paragraphs  present  the  working  and  final  curves 
used  for  each  vehicle  Cwse  to  make  the  common  module  selection. 

a.  Case  1  •  Expendable  Lower  Stage 

(C)  For  the  format  used  In  the  presentation  of  the  Case  1  curves,  refer 
to  Paragraph  B,  Engine  Module  Size  selection.  Figures  15  through  18 
show  Performance  Index  of  Case  1  as  a  function  of  mixture  ratio  and 
expansion  ratio  for  engine  module  sizes  ((y()  of  100,  200,  300,  and  400, 
respectively.  These  figures  are  for  the  optimum  engine  mount  location. 
Figure  19  Is  the  cross-plot  of  figures  15  through  18  and  shows  a  Per¬ 
formance  Index  lire  of  optimum  expansion  ratios  for  each  module  sice 
(^M)  •  Figure  20  is  the  cross-plot  of  the  curve  peaks  on  figure  19  as 
a  function  of  engine  module  size  ((m)  •  Expansion  ratio,  mixture  ratio, 
and  mount  location  are,  thua,  optimum  for  each  point  on  figure  20. 
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Figure  19.  Performance  Index  vt  Expansion  DF  S7S31 

Ratio  for  Case  1,  2S0K  Module 


Figure  20.  Performance  Index  vs  Engine  Module 
Size  for  Case  1 ,  230K  Module 
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b.  Tasr  2  -  Ex|M'nJable  U|>|>ri  Static 

(C)  Hif  engine  module  size  selecllon  technique  hat  been  coiioensed  for 
Cases  2,  5,  and  6.  Ttie  engine  .nodule  size  ranges  considered  for  both 
Cases  2  and  b  produce  highest  performance  at  an  expansion  ratio  of  iOO 
(or  higher).  Houever,  with  an  engine  .rc'Jule  sized  to  preduce  250IC  at 
an  expansion  ratio  of  luO,  It  will  produce  more  itian  2S0K  at  expansion 
ratios  above  100.  Because  one  of  the  study  gtouno  rules  Is  tliat  thrust 
cannot  exceed  2S0K,  It  is  not  possible  to  cptimlze  expansion  ratio  at 
ratios  higher  Chan  'he  ratio  used  for  modulu  size.  Tills  means  that 
Instead  of  having  a  series  of  expansion  ratio  lines  for  a  given  mcxlule 
size  (<f^)  on  the  first  series  of  curves  of  Performance  Index  versus 
mixture  ratio  (as  outlined  In  the  Engine  Module  Size  Selection  procedure), 
there  would  be  only  one  line  of  Interest.  Pils  line  would  represent  the 
maxlmu.m  petfonnance  attainable  with  this  module  size.  Instead  of  making 
four  separate  figures  as  for  the  lower  stage  cases,  all  of  the  module 
sizes,  are  plotted  on  one  curve  of  Performance  Index  versus  mixture 

ratio,  figure  21.  Further,  additional  engine  module  sizes  of  60  and  ISO 
were  added  to  the  100,  200,  300,  and  400  sizes  used  In  the  lower  stages 
to  aid  In  preparation  of  the  cross-plots.  The  second  scries  of  curves 
(In  the  module  size  selection  procedure)  can  he  eliminated  and  the  crosa- 
plot  of  Performance  Index  versus  engine  module  size  (fyi)  made  from  the 
first  curve,  figure  21.  This  cross-plot  Is  shown  as  figure  2.'  for 
Cate  2. 

c.  Case  3  •  Expendable  Single  Stage- to-Orblt 

(C)  Figures  23  through  26  show  Performance  Index  of  Case  3  at  a  function 
of  mixture  ratio  and  expansion  ratio  for  basic  engine  module  sizes  ((^) 
of  100,  200,  300,  and  400.  Figure  27  is  u  cross- plot  of  figures  23 
through  26  and  shows  the  Performance  Index  line  of  optimum  expansion 
ratios  for  each  engine  module  size  ((|f) .  Figure  28  is  a  cross-plot  of 
the  curve  peaks  on  figure  27  as  a  function  of  engine  module  size  (6h)  • 

d.  Case  4  •  Recoverable  Lower  Stage 

(C)  Figures  29  through  32  shev  Performance  Index  of  Case  4  as  a  function 
of  mixture  ratio  and  expansion  ratio  for  basic  module  sizes  (tfi)  of  100, 
200,  300,  and  400.  Figure  33  Is  a  cross-plot  of  figures  29  through  32 
and  shows  a  Performance  Index  line  of  optimum  expansion  ratios  for  each 
engine  module  size  (Cm)*  Figure  34  le  a  cross-plot  of  the  curve  peaks 
on  figure  33,  as  a  function  of  engine  module  size  (Ch)  • 

e.  Case  S  -  Recoverable  Upper  Stage,  Plck-a-Back 

(C)  The  data  on  Case  S  are  presented  similar  to  Case  2,  however,  the 
peak  performance  for  Case  S  occurs  at  an  engine  module  size  of  approxi¬ 
mately  200.  Therefore,  module  engine  sizes  of  200  or  less  are  shiara 
on  the  mixture  ratio  plot  given  in  figure  35.  Data  for  engine  module 
sizes  (().{)  of  300  and  400  are  shewn  in  figures  36  and  37,  respectively. 

The  peaks  of  these  three  figures  arc  shown  on  figure  38,  which  gives 
the  optimum  expansion  ratio  for  the  various  engine  module  sizes.  The 
data  for  engine  module  sizes  less  than  200  are  plotted  from  figure  35. 

The  final  suimary  performance  at  a  function  of  engine  size  la  shown  on 
figure  39. 
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Figure. 21.  Performance  Index  v»  Mixture  DF  57533 
Ratio  for  Case  2,  250K  Module 


‘  Figure  22.  Performance  Index  vs  Engine  Module  DF 

Sice  for  Case  2,  250K  Module 
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rcrxorraancc  iiMcx  v»  nLKt..r«  OF  Flgur*  24.  Performance  Index  va  Hixture  Df  57535 

Ratio  for  Case  3,  250K  Module  Ratio  for  Case  3,  250K  Module 

(«^  -  100)  (a  .  200) 
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Figure  27.  Performance  Index  vf  Expandu.i  DF  57538 

Ratio  for  Case  3,  250K  Module 


Figure  28.  Performance  Index  vs  Engine  Module  Size  DP  57539 
for  Case  3,  250K  Module 
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luclo  for  Casa  4,  2S0K  Hodulo  Ratio  for  Caaa  4,  250K  Modulo 

(C,l  -  100)  (C^  -  200) 
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Figure  33.  Performance  Index  va  Expansion  !>F  57344 

Ratio  for  Cate  4,  230K  Module 


Figure  34.  Performance  Index  vs  Engine  Module  OF  5734S 

Size  for  Care  4,  2S0K  Module 


Mtlo  for  Caac  5,  250K  Modula  Ratio  for  Cate  5,  250K  Module 

(€m  -  300) 
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Figure  37.  Pcrforraaace  Index  vs  Mlxtuie  DF  57561 

Ratio  for  Cose  5,  250K  Module 


Figure  38.  Performance  Index  va  Fxpansion 
Ratio  for  Case  5,  250K  Module 
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Figure  39.  Perforaance  Index  vi  Engine  DF  57563 

Module  Size  for  Case  5, 

250K  Module 

f.  Case  6  •  Recoverable  Upper  Stage,  Tandea 

(C)  Tlie  data  on  Case  6  are  presented  in  the  same  asnner  as  Case  2.  Fig¬ 
ure  40  shows  Performance  Index  of  Case  6  as  a  function  of  mixture  ratio 
and  expansion  ratio  for  various  Msic  nodule  sizes  (Ixj) .  Figure  41  is 
a  cross-plot  of  figure  40  and  shows  Performance  Index  as  a  function  of 
module  size. 

3.  Common  Module  Size 

GJ)  The  Performance  Index  versus  engine  nodule  size  (tfj)  curves  for 
Cases  1  through  6  were  converted  into  a  percentage  of  the  naxlnua  Per¬ 
formance  Index  for  each  case  and  is  shown  on  the  lower  portion  of  fig¬ 
ure  42  for  Cases  1  through  6.  These  curves  were  generated  from  the 
figures  listed  bclc  ■ 
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1 

Figure  20 

Case 
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Figure  22 

Case 
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Figure  2S 

Case 
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Case 
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Figure  39 

Case 

6 

Figure  41 

(U)  The  six  Performance  Index  curves  (in  percent)  were  then  summed  and 
divided  by  six  and  an  average  curve  for  all  six  cases  presented  at  the 
top  of  figure  42.  All  points  on  figure  42  reflect  optimum  mixture 
ratio,  case  expansion  ratio,  and  engine  mount  location. 


Figure  40.  Performance  Index  vs 

Mixture  HaClo  for  Cate  t 
2S0K  Module 
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Figure  41.  Performance  Index  vs  Engine  Module  OF  57547 

Size  for  Cate  6,  250K  Module 
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Figure  41.  Percent  Performance  Index  v«  DF  57571 

Engine  Module  Sire,  750K  Module 

(C)  On  figure  42,  It  is  shown  that  the  optimum  engine  nodule  size  Is 
a  power  package  that  delivers  250K  with  an  expansion  ratio  of  250. 

(U)  Figure  42  Indicates  that  the  lower  stage  applications  (Cases  1,  3, 
and  4)  are  thrust  sensitive  and  realize  high  Performance  Indexes  for 
low  compromise  expansion  ratio  and  high  flow  rate.  The  upper  stage 
applications  are  vacuum  specific  impulse  sensitive  and  realize  high 
Performance  Indexes  for  high  expansion  ratios.  The  common  engine  module 
selection  technique  used  makes  the  best  performance  compromise  between 
the  various  cases. 

3.  Cate  Performance 

(U)  The  optimam  performance  of  each  cate  was  established  using  the 
selected  common  engine  nodule  and  common  engine  module  flow  rate.  These 
optimization  procedures  arc  the  same  as  outlined  previously  (figures  12, 
13,  and  14)  except  calculations  are  made  for  the  one  established  engine 
module  size.  The  performance  thus  obtained  Is  shown  in  table  1, 

a.  Case  1  -  Expendable  Lower  Stage 

(C)  The  performance  Is  shown  in  figure  43  as  a  function  of  mixture  ratio 
and  expansion  ratio  for  the  flow  rate  of  the  common  nodule.  The  optlmua 
expansion  ratio  was  determined  to  be  75  as  can  be  seen  from  figure  44, 
which  Is  the  cross-plot  of  figure  43.  The  optimum  mixture  ratio  is 
5.15  at  an  expansion  ratio  of  75. 
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Figure  43<  Perforioance  Index  vs  Mixture  DF  57548 

Ratio  for  Case  1,  250K  Module 
(«M  “  250) 


Figure  44,  Performance  Index  ve  Expansion  Ratio  DF  57551 
for  Case  1 ,  250K  Module  (e,f  -  250) 
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b,  C«ke  2  '  Expendable  I'ppcr  Stage 

(C)  Tlie  performance  of  Cast.  2  Is  shown  in  figure  t»i  as  a  function  of 
ex[>anslon  ratio  and  mixture  ratio  for  a  module  sire  of  2S0.  “nils  appli¬ 
cation  would  tend  to  optimize  at  a  higher  expansion  ratio  due  to  a  lack 
of  strong  length  constraint.  However,  as  noted  In  the  Case  2  discussion. 
It  Is  not  possible  to  optimize  the  expansion  ratio  at  ratios  higher  than 
that  used  for  the  common  module  Itcause  thrust  would  exceed  250K.  The 
expansion  ratio  optimization  curve  is  given  in  figure  4.6  at  an  expansion 
ratio  of  2S0. 
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rigi-re  45.  Performance  Index  va  Mixture  DP  57572 
Ratio  for  Case  2,  250K  Module 
(<„  ■  250) 
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Figure  46.  Perforinancc  Index  ve  Expeniloo  DF  S7573 

lUclo  for  Ceee  2,  2S0K  Module 

(«M  •  250) 

c.  Case  3  •  Expendeble  Single  Stage* to>Orblt 

(C)  Perforaance  as  a  function  of  alxture  ratio  and  expansion  ratio  Is 
shown  In  figure  47  for  the  ecaaon  engine  ccxJule,  Figure  48  gives  the 
Perforiaance  Index  of  Case  3  as  a  function  of  expansion  ratio  for  the 
coa.non  engine  nodule.  Figure  48  shows  that  the  optlroa  expansion  retie 
for  Case  3  Is  110.  Because  Case  3  represents  a  single  stage* to>orblt 
ailsslon,  both  sea  level  and  vacuun  specific  lapulse  arc  significant. 
Accordingly,  a  relatively  high  secondary  expansion  ratio  (compared  to 
Case  1)  was  required  In  Case  3  to  provide  the  necessary  vacuis  per- 
fornance  needed  for  the  latter  portion  of  the  mission.  Optlnua  nlxturo 
ratio  Is  5.76  and  relative  to  Case  1,  shevs  the  Influence  of  locrcaalng 
expansion  ratio  and  the  propellant  bulk  density  sensitivity  of  thla 
stage. 

d.  Case  4  •  Recoverable  Lower  Stage 

(C)  Ferfomance  as  a  function  of  mixture  ratio  and  expansion  ratio 
Is  presented  In  figure  49.  The  optimum  expansion  ratio  for  the  common 
engine  module  Is  shown  In  figure  50.  Because  of  the  low  area  ratio 
requirements  and  strong  diameter  constraints  of  this  application,  a 
fixed-position  nozzle  at  an  area  ratio  of  35  gives  Improved  performance. 
The  optimum  mixture  ratio  Is  5.52  at  an  expansion  ratio  of  35. 
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Figure  ^8.  Pcrformencc  Index  vi  Expansion  Ratio  DF  57553 
for  Case  3,  250K  Module  ((h  -  250) 
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Figure  49.  Perfomancc  Index  v*  Mixture  DF 
lUtlo  for  Cate  4,  250K  Module 
-  250) 
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Figure  SO.  Ferfornance  Index  va  Expansion  Ratio 
for  Cate  4,  250K  Module  (C(f  *  250} 
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c.  Cake  S  -  Recovrtable  U|>|>«rr  Stage,  Pick*a-Back 

(C)  Figure  31  showi  tlie  Pr  i  forrnjnce  Index  fur  Case  3  a*  a  function  of 
mixture  ratio  and  expansion  ratio  for  the  com.non  engine  nodule  size. 

The  optimum  ex(>ansion  ratio  is  2'J3  for  this  module  as  shown  in  figure  32, 
and  reflects  the  dimensional  constraints  imposed  by  the  lairing  surface 
area.  Optimum  mixture  ratio  for  Case  3  was  6.4  at  an  ex|ainsion  ratio  of 
200.  The  high  mixtuie  ratio  for  Case  5  is  typical  of  recoverable  upper 
stage  launch  applications  and  reflects  the  impoitance  oi  propellant  bulk 
density  on  vehicle  performance. 
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Figure  SI.  Performance  Index  v*  Mixture  DF  S7SM 
Ratio  for  Case  S,  2S0K  Module 
•  250) 
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Figure  52.  Performance  Index  ve  Expansion  Ratio  DF  57565 
for  Case  5,  250K  Module  ((,f  >  250) 


f.  Case  6  •  Recoverable  Upper  Stage,  Tandea 

(C)  Tbe  optimum  (or  maximum  allowable  due  to  the  250K  limit)  expansion 
ratio  for  Case  6  Is  equal  to  the  module  engine  size.  The  performance 
as  a  function  of  mixture  ratio  and  expansion  ratio  Is  shown  In  fig¬ 
ure  S3.  Optimum  mixture  ratio  for  Case  6  Is  6.7.  Performance  as  a 
function  of  expansion  ratio  Is  shown  In  figure  54. 

(U)  The  optimum  engine  expansion  ratios  for  the  various  stages  are  qul.e 
different.  Considerable  vehicle  performance  gains  can  therefore  accrue 
from  matching  the  engine  expansion  ratio  to  the  stage  requirements.  The 
quantitative  performance  advantages  of  stage  matching  Is  discussed  In 
Section  V. 

0.  COMMON  MODULE  SELECTION  (3S0K  MOOUU) 

1.  Case  Optimization 

(U)  The  general  Performance  Index  optimization  and  common  module  selection 
procedure  outlined  for  the  250K  module  study  was  used  In  the  350K  module 
study.  The  differences  between  250K  and  350K  applications  (Cases  I 
through  6)  are  outlined  In  Appendix  1.  The  basic  differences  between 
the  applications  for  the  two  thrust  classes  arc  In  vehicle  dimensions, 
geometrical  constraints,  and  number  of  engines  specified  for  each  case. 

(U)  The  procedure  used  In  selecting  the  350K  common  module  was  the  sane 
as  that  used  In  selecting  the  2S0'C  nodule. 
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Figure  53.  Performance  Index  vs  Mixture  DF  57574 

Ratio  for  Case  6,  250K  Module 
-  250) 


Figure  54.  Performance  Index  vs  Expansion  Ratio 
for  Case  6,  250K  Module  (C||  ■  250) 
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(C)  For  Che  350K  Dodulc  atudy,  four  batlc  engine  module  tizei  ■  100, 
200,  300,  end  400  were  Invei  t  Igeted ,  (Tlie  engine  power  module  wai  tired 
to  develop  330IC  .'it  aret  ratios  of  100,  200,  300,  and  ^00  with  minima 
surface  area  nozzle  contours.)  'Hie  Performance  Xnden  of  each  application 
cate  was  optimized  for  mixture  ratio,  expansion  ratio,  and  engine  mount 
position,  using  the  tame  procedure  at  outlined  In  figures  12,  13,  and  14, 

(U)  The  optimization  curves  for  each  of  the  350K  cases  are  presented  In 
the  following  paragraphs.  Based  on  the  results  of  the  250K  study,  the 
upper  stage  nozzle  contours  are  minimum  surface  area  and  lower  stage 
nozzle  contours  are  maximum  performance. 

a.  Case  1  •  Expendable  Lower  Stage 

(U)  The  expansion  ratio  optimization  it  shown  in  figure  55,  and  tuoxnary 
performance  at  a  function  of  engine  module  size  ((m)  is  shown  In  fig¬ 
ure  56. 

b.  Case  2  -  Expendable  Upper  Stage 

(U)  The  35CK  module  Case  2  optimizes  at  the  highest  allowable  expansion 
ratio  and,  therefore,  the  curves  were  generated  as  discussed  in  the 
250K  Case  2  module  size  selection.  The  expansion  ratio-mixture  ratio 
performance  is  shown  in  figure  57,  and  summary  performance  as  a  function 
of  engine  module  size  (d^)  is  shown  in  figure  58. 

e.  Case  3  -  Single  Stage- to-Orbit 

(U)  The  expansion  ratio  optimization  is  shown  in  figure  59,  and  summary 
performance  at  a  function  of  engine  module  size  (tyj)  is  shown  in  fig¬ 
ure  60. 


rigu  re  55.  Performance  Index  vs  Expansion 
Ratio  for  Cate  1,  3S0K  Nodule 
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Perfornance  Index  v«  Engine  Module 
Size  for  Case  2,  3S0R  Module 
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Figure  59.  Performance  Index  vs  Expansion 
Ratio  for  Case  3,  350K  Module 
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Figure  60.  Perfornance  Index  v»  Engine  Module  DF  57620 

Size  for  Case  3,  3S0K  Module 

d.  Case  4  •  Recoverable  Lower  Stage 

(U)  The  expansion  ratio  optlnization  is  shown  in  figure  61,  and  suimary 
perfovajnee  as  a  function  of  engine  nodule  size  is  shown  in  fig* 

ure  62. 
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Figure  61.  Performance  Index  vs  Expansion  Ratio  DF  57621 
for  Cate  4,  3S0K  Modulo 
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Figure  62.  Perfornance  Index  vs  Engine  Module  DF  S7622 

Size  for  Case  4,  3S0K  Module 

e.  Case  5  •  Recoverable  Upper  Stage  •  Plck>a>Back 

)  The  expansion  ratio  opcinlzatlon  is  shown  In  figure  63,  and  S'lnwary 
rfortaance  at  a  function  of  module  size  it  shown  In  figure  64, 


Figure  63.  Performance  Index  vs  Expansion  Ratio  DF  37623 
for  Case  S,  3S0K  Modulo 
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Figure  64,  Porfi’mence  Index  vs  Engine  Module  DF  57624 

Size  for  Case  5,  350K  Module 

f.  Case  6  •  Recoverable  Upper  Stage  •  Tandea 

(U)  The  350K  .nodule  Case  6  optlnlzes  at  the  highest  allowable  expansion 
ratio,  and  therefore,  the  curves  were  generated  as  discussed  In  the 
250K  Case  2  nodule  size  selection.  Tlie  expansion  ratio-mixture  ratio 
performance  Is  shown  In  figure  65,  and  summary  performance  as  a  function 
of  module  size  (Cm)  Is  shown  In  figure  66. 

2.  Comnon  Module  Size 

(C)  Figure  67  gives  the  su.Tnary  of  the  PerforTnance  Index  as  a  function 
of  englt  e  module  size.  The  percentage  of  the  maximam  Performance  Index 
of  each  case  la  shown  In  the  lower  portion  of  figure  67.  These  curves 
are  generated  from  figures  56,  58,  60,  62,  64,  and  66  for  Cases  1  through 
6,  respectively.  These  results  Indicate  that  the  350K  cases  are  not 
as  sensitive  to  flow  rate  as  the  250K  cases.  (The  average  of  the  cases 
Is  shown  In  tlie  upper  portion  of  figure  67.)  A  common  module  deliver  Ing 
350K  vacuu.m  thrust  at  an  expansion  ratio  of  300  was  selected. 

3.  Case  Ferformanct 

Ca)  The  performance  of  each  case  was  established  using  power  package  site 
and  flow  rate  determined  from  the  above  common  engine  nodule  size  selection 
analysis.  The  Individual  case  optimization  curves  are  given  in  the 
following  paragraphs.  The  performance  obtained  Is  summarized  in  table  IX. 
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F'^ure  66.  Performance  Index  va  Engine  DF  57626 

Module  Size  for  Cate  6, 

350K  Module 


Figure  67.  Percent  Performance  Index  vs  Engine  DF  57627 

Module  Size,  350K  Module 
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a.  Cate  1  -  Exp«ndabla  Lower  Stag# 

(C)  Performance  a»  a  function  of  mixture  ratio  and  cxpanilon  ratio  la 
shown  In  figure  68  for  the  common  module  size.  Figure  69  Is  a  croaa- 
plot  of  these  data  to  shew  optimum  expansion  ratio.  Optimum  expansion 
ratio  in  Case  1  Is  80. 


Figure  68.  Performance  Index  vs  Mixture  DF  57628 
Ratio  for  Case  1 ,  3S0K  Nodule 
(«^  -  300) 


GOmDOM 
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Figure  69.  Pcrforinince  Index  v*  Expantlon  DF  S7b29 

Ratio  for  Caie  1,  3S0K  Module 
-  300) 

b.  Case  2  -  Expendable  Upper  Stage 

(C)  Perforniant.e  at  a  function  of  mixture  ratio  and  expansion  ratio  Is 
shown  In  figure  70  for  the  common  module  size.  Expansion  ratio  lines 
higher  than  an  expansion  ratio  of  3C0  are  shown  dotted  as  these  engines 
would  dcll\«r  more  than  3S0K  vacuum  thrust.  Figure  71  Is  a  cross-plot 
of  these  data  to  show  optimum  expansion  ratio.  This  curve  Is  also 
dotted  above  expansion  ratios  of  300,  which  it  the  highest  expansion 
(and  thus  highest  stage  pcrforrunce)  that  can  be  used  consistent  with 
the  3S0K  thrust  limit  ground  rule. 

c.  Case  3  •  Single  Stage-to-Orbit 

(C)  Performance  as  a  function  of  mixture  ratio  and  expansion  ratio  is 
shown  in  figure  72.  Figure  73  is  a  cross-plot  of  these  data  to  show 
optimum  expansion  ratio.  Optimum  expansion  ratio  for  Case  3  is  135. 

d.  Case  4  -  Recoverable  Lower  Stage 

(C)  Performance  as  a  function  of  mixture  ratio  and  expansion  ratio  is 
shown  in  figure  74  for  the  common  module  size.  Figure  75  Is  a  cross- 
plot  of  these  data  to  show  optimum  expansion  ratio.  Optimum  expansion 
ratio  for  Casa  4  is  35. 
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Figure  70.  Performance  Index  vt  Mixture 
Ratio  for  Case  2,  350K  Module 
(«„  -  300) 
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Figure  71.  Porfornvance  Index  vs  Expar.tlon  Ratio 
for  Case  2,  350K  Module  -  300} 
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Figure  72.  Performance  Index  vs  Mixture  DF  57632 
Ratio  for  Case  3,  350K  Hodult 
-  300) 


•  H  IM  IM 

fir«..1oa  1.111  •«.  . 


Figure  73.  Pcrfotiaance  Index  vt  Expansion  Ratio  DF  57633 
for  Case  3,  350K  Module  (C|f  ■  300) 
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t.  C4te  5  -  Rrcovrr«blc  Upper  St«gc  -  Plck-a-B«ck 

(C)  Perfornvance  at  a  function  of  raixturr  ratio  and  expansion  ratio  la 
(hewn  in  figure  76  for  the  coinaon  module  size.  Figure  77  It  a  croia- 
plot  of  these  data  to  show  optimum  expansion  ratio.  Optimum  expansion 
ratio  for  Case  5  is  ISO,  Tlie  relatively  low  expansion  ratio  of  the 
3S0K  installation  is  because  of  the  single  engine  mounted  at  the  end 
of  the  tanks.  This  type  of  installation  mounting  results  in  Increased 
surface  fairing  losses  relative  to  2S0K 
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Figure  76.  Performance  Index  vs  Mixture  DF  57636 

Ratio  for  Case  5,  350K  Module 
(«„  -  300) 
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Figure  77.  Performance  Index  v(  Expansion  DF  57637 

Ratio  for  Case  5,  350K  Module 
(*K  -  300) 

f.  Case  6  •  Recoverable  I'pper  Stage  •  Tandea 

(C)  Performance  as  a  function  of  mixture  ratio  and  expansion  ratio  ie 
shown  In  figure  78  for  the  common  module  size.  Figure  79  Is  a  eroea> 
plot  of  these  data  to  show  optimum  expa  islon  ratio.  Lines  on  both  of 
these  figures  are  dotted  for  expansion  .atlos  above  300  as  was  done  with 
Case  2  because  engine  thrust  would  exceed  350K  at  higher  expansion  ratios. 
The  highest  Case  6  performance  occurs  at  the  highest  permissible  expanslOi. 
ratio,  which  Is  300. 

E .  EVALUATION  OF  NOZZLE  CONTOURS  (250K  HODUU) 

(U)  Engine  length  and  exhaust  nozzle  performance  Is  a  function  of  the 
exhaust  nozzle  contours.  In  general,  shorter  length  contours  yield 
lower  nozzle  performance.  Therefore,  In  addition  to  optimization  of 
the  area  ratio,  the  optimization  of  a  bell  nozzle  engine  Includes  the 
selection  of  the  shape  or  contour  of  the  nozzle.  The  bell  nozzle  con¬ 
tours  used  by  Pratt  &  Whitney  Aircraft  are  selected  from  a  family  of 
truncated  perfect  nozzles.  Perfect  nozzles  are  defined  as  those  that, 
at  a  prescribed  area  ratio,  expand  a  gas  flow  from  the  throat  of  .the 
nozzle  to  a  uniform  and  parallel  flow  at  the  nozzle  exit.  Using  the 
method  of  characteristics,  s  series  of  perfect  nozzle  contours  may  ba 
computed  as  a  function  of  the  design  area  ratio.  The  integrated  thrust 
and  surface  area  can  also  be  calculated  at  axial  locations  along  the 
nozzle.  The  calculation  procedure  Includes  the  effect  of  friction  and 
varying  thermodynamic  properties  of  the  reacting  gases.  Representatl ee 
results  of  this  detailed  analy  zs  can  be  plotted  as  shown  In  figure  80 
which  presents  coordinates  for  perfect  bell  nozzles  with  lines  of  constant 
surface  area  and  constant  vacuum  thrust  coefficients  (which  Includes 
turning  and  frictional  losses). 
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Figure  78.  Performance  Index  vs  Mixture  DF  57630 
Itatlo  for  Case  6,  350K  Module 
(«M  ■  300) 


Figure  79.  Performance  Index  ve  Expansion  Ratio 
for  Case  6,  350IC  Module  ((|f  -  300} 
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Figure  80.  Perfect  Nozzle  Contour*  FD  23119 


GJ)  A  perfect  nozzle  contour  doe*  not  necessarily  produce  optlmun  engine 
or  vehicle  perfornance.  Because  a  perfect  nozzle  ia  constrained  to  pro* 
duce  completely  axial  flow  at  t!>e  exit,  a  considerable  part  of  the  aft 
section  of  the  nozzle  Is  Involved  In  the  final  flow  turning  process. 

In  a  real  nozzle  the  friction  losses  here  are  greater  than  the  performanc* 
gains  which  accrue  from  the  final  flow  straightening.  Therefore,  it  i* 
necessary  to  shorten  or  truncate  a  perfect  nozzle  to  produce  naxlmua 
nozzle  performance.  Further,  in  real  vehicles  there  are  engine  length 
penalties  such  that  additional  truncation  may  be  required  to  produce 
maximum  vehicle  perfornance.  Pratt  &  Whitney  Aircraft  has  thus  defined 
a  series  of  four  decreasing  nozzle  length  truncations  of  the  above  defined 
perfect  nozzle  for  application  to  real  vehicles,  and  each  vehicle  case 
in  the  application  study  was  investigated  to  determine  which  nozzle  crun* 
cation  produced  best  vehicle  perfornance.  Tlicse  truncations  (referred 
to  as  nozzle  contours  in  this  report)  are  described  as  follow*: 

1.  Maximam  Performance  Wozzle  (MC,) 

2.  Minimum  Surface  Area  Nozzle  (MSA) 

3.  Minimum  Length  (ML) 

It.  Base  Nozzle. 

These  four  nrzzle  truncations  are  shown  sthematically  in  figure  tl. 

(U)  So  that  the  method  used  in  establishing  MCg ,  MSA,  ML,  and  Base  Nozzle 
contours  can  be  more  easily  identified,  a  representative  portion  of  the 
info  nation  given  in  figure  80  i*  shown  in  figure  B2. 
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Figure  81.  Nozzle  Contour  FD  22438 


Figure  62.  Contour  OptlniMtlon 


FD  6263A 


(U)  Nozzlcf  with  mlniniii.ii  zurfacc  area  (MSA  nozzles)  for  a  given  thrust 
are  defined  by  the  locus  of  joints  for  which  a  line  of  constant  thrust 
coefficient  (Cgya^)  and  a  line  of  constant  surface  area* to- throat  area 
ratio  (A|/At}  ate  tangent.  This  it  shown  as  point  A  on  figure  82. 

Nozzles  with  mlninu's  length  (ML  contour)  for  a  given  thrust  are  defined 
by  the  locus  of  points  for  which  lines  of  constant  '^Fyac  tangent 
to  a  vertical  line  (point  B  on  figure  82).  Maxlci  nozzle  efficiency 
(MCg)  for  a  given  thrust  are  defined  by  the  locus  points  for  which 
the  lines  of  constant  thrust  coefficient  i/e  zero  slope  (point  C 

on  figure  32).  It  should  be  noted  that  the  m  *  performance  nozzle 
(point  C)  Is  still  short  of  the  full  length  p  ’  '.ct  •  ’tie  because  fric¬ 
tional  drag  has  been  included. 
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(U)  A  fourth  ty|>c  of  nuzzle  truncation  contidrtrd  it  iirftrrt-d  to  at  a 
"Bate"  nozzle  contour.  Tliis  truncatiem  liat  resulted  fto.t  e>i{>eriencc 
with  vjriout  optimization  ttudiet  and  ^oneiall^  pioducr',k  nearly  optimum 
prrforrancr,  particularly  for  lower  stage  appl 1 r a t i ont .  While  thli 
contour  it  not  established  directly  from  analyslt  of  fiyure  62,  it  falls 
approximately  half-way  between  points  A  (fSA)  and  C  (MCJ). 

(U)  Detailed  ttudiet  of  the  effect  of  nozzle  contour  were  conducted  early 
in  the  program.  These  results,  whi.h  were  based  on  analysis  using  the 
fixed  regenerati vely  cooled  nozzle,  indicated  the  ure  of  ninimum  surface 
area  nozzles  for  the  upper  stages  and  maxinum  performance  nozzle  contours 
for  the  lower  stages.  TTie  nozzle  contours  studied  were  mlAimura  length 
(ML),  minimum  surface  area  (MSA),  base,  and  r.ixlmum  perforiiwince  (MCf). 

Ttie  nozzle  contour  analysis  was  re-evaluated  (or  the  two-position  light¬ 
weight  nozzle  and  the  same  results  for  upper  and  lower  stage!^  were 
indicated.  \ 


(U)  Tlie  percent  of  maximum  Performance  Index  values  for  each  c.-ise  using 
the  fixed  nozzle  are  showm  in  table  VII.  A  common  engine  nodu'le  was 
obtained  for  each  contour,  which  is  also  noted  in  the  table.  the  total 
upper  stage  performance  is  approxinutely  equal  for  the  ML,  MSA  and  base 
nozzles.  Because  the  MSA  contour  was  optlmu  for  two  of  the  three  upper 
stage  cases,  this  contour  was  selected  for  the  upper  stage  engine.  The 
result  of  the  lower  stage  nozzle  contour  Investigation  is  shown  In 
table  VIII  as  s  percent  of  maximum  performance  for  ecch  lower  st.ige  case 
The  values  are  for  the  common  module  flow  rate  obtained  by  using  the 
minimum  surface  ares  upper  stages. 


(U)  The  results  for  the  twu-posltlon  nozzle  arc  shown  in  table  IX  (or 
the  upper  stages.  TViere  Is  little  difference,  but  again  the  minimus 
surface  area  nozzle  contour  was  chosen.  For  the  loh«r  stages,  maxlmua 
performaixe  and  base  nozzles  were  considered.  The  optimum  esse  expansion 
rstlo  varies  with  the  contour  for  s  given  module  flow  rate.  The  evaluation 
Is  shevn  In  figures  83,  84,  and  85  for  Cases  1,  3,  and  4,  respectively. 
These  results  are  based  on  using  the  connon  module  flow  rate.  The  maxlnus 
performance  nozzle  Indicate!  higher  performance  and  slightly  lower  optlnus 
cate  area  ratio.  Performance  Is  lover  with  this  nozzle  contour  at  higher 
area  ratios  due  to  the  Increased  length  (relative  to  the  base  contcxir), 
which  results  In  higher  skirt  drag.  The  maximum  performance  nozzle  con¬ 
tour  shows  a  slight  performance  advantage  at  compared  to  the  base  nozzle 
contour  and  vat  therefore  selected.  In  a  real  vehicle  optimization,  it 
may  be  possible  that  other  considerations  (such  as  a  restriction  on  over¬ 
all  vehicle  length)  might  influence  the  nozzle  contour  selection  in 
favor  of  a  shorter  length  nozzle  such  as  the  base  contour. 
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(C)  T^ble  Vll.  PtT  formancr  IitJrx  Nozzlr  Contt>ur  Sumiury 
for  U|'(«rr  Stdgri  (Prrirnt  of  H^ximua) 
Fixed  Regenerative  Nozzle 


Cate  ML  MSA  Baae  HC, 

(»^  •  200)  («^  -  181)  («^  -  164)  (*^  .  130) 


2 

99.89 

99.92 

100.00 

99.28 

5 

99.93 

100.00 

99.76 

98.91 ' 

6 

99.86 

100.00 

99.97 

99.03 

Note : 

♦  ^  ■  Upprr 

itage  common 

engine  module 

area  ratio. 

(C)  Table  VIII.  Performance  Index  Nozzle  Contour  Summary 
for  Common  Engine  Module,  Lower  Stages 
(Percent  of  Kaxioum)  Fixed  Regenerative 
Nozzle 


Cate 

MC 

• 

Bate 

MSA 

ML 

1 

100.00 

99.58 

98.81 

97.28 

3 

100.00 

98.75 

96.62 

92.83 

4 

100.00 

99.37 

98.64 

96.86 

Note: 

Engine  flow  rate  bated  on  ■ 

fl 

181. 

(U)  Table  IX.  Performance  Index  Nozzle  Evaluation, 
Tvo-Poiltlon  Lightweight  Nozzle 
(Percent  of  Maxlmua) 


Cate 

MSA 

Bate 

HC, 

Cate  2 

99.85 

100.00 

99.85 

Cate  5 

100.00 

97.78 

98.14 

Cate  6 

100.00 

99.88 

99.81 

COKFIDENTIAl 


(U)  A  fourth  typr  of  nozzle  trunretion  considered  is  referred  to  at  a 
"Base"  nozzle  contour.  Title  truncation  hat  resulted  f ro.T  experience 
with  various  opt  iir.i  zat  ion  studies  and  generally  produces  nearly  optiraua 
perfornance,  particularly  for  lowtr  stage  applications.  Wtiile  this 
contour  is  not  established  directly  from  analysis  of  figure  82,  it  falls 
approxlnately  half-way  between  points  A  (MSA)  and  C  (MC^). 

(U)  Detailed  studies  of  the  effect  of  nozzle  contour  were  conducted  early 
in  the  program.  These  results,  which  were  based  on  analysis  using  the 
fixed  regeneratlvely  cooled  nozzle,  indicated  the  use  of  minimuni  surface 
area  nozzles  for  the  upper  stages  and  maximum  performance  nozzle  contours 
for  the  lower  stages.  The  nozzle  contours  studied  were  minimum  length 
(ML),  minimum  surface  area  (MSA),  base,  and  maximum  performance  (HC,). 

The  nozzle  contour  analysis  was  re-evaluated  for  the  two-position  light¬ 
weight  nozzle  and  the  tame  results  for  upper  and  lower  stages  were 
indicated. 

(U)  The  percent  of  maximum  Performance  Index  values  for  each  cate  using 
the  fixed  nozzle  are  shown  in  table  VII.  A  common  engine  module  was 
obtained  for  each  contour,  which  is  also  noted  in  the  table.  The  total 
upper  stage  performance  is  approximately  equal  for  the  ML,  MSA  and  base 
nozzles.  Because  the  MSA  contour  was  optimum  for  two  of  the  three  upper 
stage  cases,  this  contour  was  selected  for  the  upper  stage  engine.  Ihe 
result  of  the  lower  stage  nozzle  contour  investigation  is  shown  in 
table  VIII  as  a  percent  of  miximum  performance  for  each  lower  stage  case. 
The  values  are  for  the  concTion  module  flow  rate  obtained  by  using  the 
minimum  surface  area  upper  stages. 

(U)  The  results  for  the  two-position  nozzle  are  shown  in  table  IX  for 
the  upper  stages.  There  is  little  difference,  but  again  the  minimum 
surface  area  nozzle  contour  was  chosen.  For  the  lower  stages,  maxlatuB 
perfornance  and  base  nozzles  were  considered.  The  optimum  cate  expansion 
ratio  varies  with  the  contour  for  a  given  module  flow  rate.  The  evalurtlon 
Is  shown  in  figures  83,  8A,  and  8S  for  Cases  1,  3,  and  A,  respectively 
These  results  are  based  on  using  the  common  module  flow  rate.  The  ma'  jmua 
perfornance  nozzle  indicates  higher  performance  and  slightly  lower  opclnum 
case  area  ratio.  Performance  is  lower  with  this  nozzle  zontour  at  higher 
area  ratios  due  to  the  increased  length  (relative  to  the  bate  contour), 
which  results  in  higher  skirt  drag.  The  maximum  performance  nozzle  con¬ 
tour  shows  a  slight  perfornance  advantage  as  compared  to  the  base  nozzle 
contour  and  was  therefore  selected.  In  a  real  vehicle  optimization.  It 
may  be  possible  that  other  considerations  (such  as  a  restriction  on  over¬ 
all  vehicle  length)  might  influence  the  nozzle  contour  selection  in 
favor  of  a  shorter  length  nozzle  such  as  the  base  contour. 
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(C)  Tablr  VII,  Ptrformancf  Index  Nozzle  Contour  Summary 
for  U|per  Stagea  (Percent  of  Maximum) 
Fixed  Regenerative  Nozzle 


Caac 

ML 

(«„  •  200) 

MSA 

(«„  -  181) 

8a  ae 

f'^  -  164.) 

HC, 

(«^  •  130) 

2 

99.89 

99.92 

100.00 

99.28 

5 

99.93 

100.00 

99.76 

98.91 

6 

99.86 

100.00 

99,97 

99. OS 

Note ; 

♦  “  Upper 

stage  common  engine  module  area 

ratio. 

(C)  Table  VIII.  Perfornunce  Index  Nozzle  Contour  Summary 
fu'  Common  Engine  Module,  Lower  utagei 
(Percent  of  Maximum)  Fixed  Kego-  .  ratlvc 
Nozzle 


Case 

HC 

t 

Bate 

MSA 

ML 

1 

100.00 

99,58 

98.81 

97.28 

3 

100.00 

98.75 

96.62 

92.83 

4 

100.00 

99.37 

98.64 

96.86 

Note; 

Engine  flow  rate  based  on  • 

181. 

(U)  Teble  IX.  Performance  Index  Nozzle  Evaluation, 
Two'Poaltlon  LightMlghc  Nozzle 
(Percent  of  Maximum) 


Case 

MSA 

kae 

MC, 

Cate  2 

99.85 

100.00 

99.85 

Caae  5 

100.00 

97.78 

98.14 

Caac  6 

100.00 

99.88 

99.81 
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Figure  8S.  Nozzle  Evjluatlon  for  Cate  4,  OF  S75S4 

2S0K  Module  -  2SO) 

F.  EVALUAnOM  OF  NOZZLE  TRANSLAnON  POINT  AREA  RAHO  (250K  MODULE) 

(C)  Performance  Index  (W  )  valuer  reported  for  the  lower  stage  caiea  are 
based  on  enginei  with  two-position  nozzles  that  translate  from  an  area 
ratio  of  35  (primary  area  ratio).  Increasing  the  area  ratio  at  which 
translation  occurs  (i.e.,  increasing  the  area  ratio  of  the  fixed  portion 
of  the  nozzle)  results  in  slightly  reduced  sea  level  performance  but 
slightly  higher  impulse  at  the  translation  altitude.  This  trend  is 
illustrated  in  figure  86,  which  gives  impulse  for  primary  area  ratios 
of  35,  50,  and  80  for  a  typical  overall  area  ratio  of  100.  Because  upper 
stage  eases  do  not  operate  in  the  atmosphere  (or  with  the  nozzle  retracted), 
the  point  at  which  the  translation  occurs  dues  not  affect  performance  and 
thus  is  selected  only  for  minimum  stowed  engine  length. 

(C)  A  tradeoff  study  was  conducted  to  evaluate  the  optimum  primary  ares 
ratio  for  lower  stage  Cases  1  and  3.  As  discussed  previously,  lover 
stage  Case  4  is  diameter  limited  and  tends  to  optimize  at  low  overall 
engine  area  ratios  Case  1  and  3  were  optimized  using  primary  area 
ratios  of  35,  50,  and  80  as  shown  in  figure  87.  Optimim  performance 
index  values  were  obtained  w.th  primary  area  ratios  in  the  35  to  40 
range.  Engine  module  flow  rate  was  held  constant  for  this  optimization. 

(C)  In  conclusion,  a  translation  point  area  ratio  of  35  was  selected  for 
Cases  I  and  3. 
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Figure  86.  Single  Engine  Altitude  DF  57646 
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C.  EVALUATION  OF  DESIGN  CHAMBER  PRESSURE  (230K  MODULE) 


(C)  An  evaluation  of  the  effect*  of  the  engine  design  chamber  preaaiirc 
level  on  the  performance  of  the  Application  Study  cacea  was  made.  Chamber 
preaaure  wai  evaluated  by  determining  a  com  ?n  engine  codule  for  various 
chamber  preaaure  levels.  Each  application  case  was  optimized  similar  to 
the  previously  discussed  proced  res.  Chamber  pressure  of  2000,  2500, 

3000,  and  3500  psla  were  evaluated  for  each  case  for  the  2S0K  module. 

The  two-posltlon  lightweight  nozzle  engine  configuration  was  used  In  this 
analysia.  The  engine  performance  used  in  this  analysis  Is  based  on  the 
assumption  of  regenerative  cooling  at  2000  psla.  As  the  chamber  pressure 
was  Increased  from  2000  psla  to  3500  psla,  transpiration  cooling  was  used 
with  thr  amount  of  transpiration  cooling  flow  IncreSsed  In  direct  pro- 
portion  to  the  chamber  pressure. 

(U)  Because  chamber  pressure  reflects  basic  design  changes  In  the  power 
package  and  module  throat  design  area,  the  evaluation  of  chamber  pressure 
for  Cases  1  through  6  was  conducted  for  one  nozzle  contour. 

(C)  The  results  of  this  evaluation  are  shown  In  figure  68  for  all  of  the 
application  cates.  These  data  are  presented  at  a  percent  of  the  maximum 
performance  (for  each  case)  to  that  all  cases  may  be  compared.  The  upper 
portion  of  figure  68  represents  a  direct  average  of  the  tlx  cases.  It 
Is  shown  that  the  vehicle  average  optimum  chamber  pressure  Is  In  excess 
of  3000  psla. 

s 

(C)  nie  lower  stages,  and  the  size  constrained  Cate  5  upper  stage,  show 
performance  Improvement  with  Increased  chamber  pressure.  For  the  lower 
stage,  high  chi;mber  pressure  provides  high  performance  during  the  critical 
low  altitude  portion  of  the  trajectory.  This  Is  •  ue  to  Che  reduced  ex> 
haust  area  of  Che  nozzle,  which  In  turn  reduces  tie  associated  thrust 
loss  when  ambient  pressure  acts  on  the  exhaust  ares  of  the  nozzle.  Case  3 
Indicates  the  steepest  performance  gradient  with  chamber  pressure  and 
shows  the  high  sensitivity  of  the  tingle  ttage>to*orblt  missions  to  la» 
created  engine  performance.  Higher  cham.ber  pressure  Improves  tea  level 
performance  and  alto  allows  packaging  of  higher  area  ratios  within 
vehicle  diameter  limits,  which  Improves  vacuum  performance. 

(U)  Case  4  has  a  relatively  steep  slope  due  to  engine  length  and  diameter 
constraints  because  the  size  of  the  staged  combustion  module  decreases 
with  Increasing  chamber  pressure.  Higher  chamber  pressures  permit  a 
nx>re  compact  clutter  Installation  arrangement  for  Case  4. 
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Figure  88.  Percent  Performance  Index  DF  57567 

vs  Chamber  Pressure 


(C)  The  recoverable  upper  stage  application  (Cate  5)  Indicates  Improved 
performance  with  increasing  chember  pressure.  The  high  chairber  pressure 
for  the  upper  stage  application  reflects  the  engine  length  constraint  of 
this  application.  Cases  2  and  6  are  relatively  insensitive  to  chamber 
pressure  over  the  range  considered.  As  noted  in  the  previous  optimisation 
analysis,  Cases  2  and  6  are  not  size  sensitive. 

(C)  As  shown  on  the  upper  curve  of  figure  88,  the  vehicle  average  optlnua 
chamber  pressure  Is  higher  than  3000  psls.  The  present  upper  limit  of 
engine  technology  la  approximately  3000  pslo,  therefore,  3000  psla  was 
aelected  as  the  chaiTf)er  pre.'Sure  for  engines  used  In  the  application 
studies. 

R.  INSTALLATION  LAYOin’S  (2S0K  MODULE) 

(U)  The  optimum  engine  locations  for  the  performance  Index  optimization 
were  determined  by  thi.  parametric  installation  atudles  using  analytical 
methods.  To  more  fully  assess  the  potential  component  Interference  and 
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proviJr  a  final  Installation  wrlght,  layooti  were  made  of  the  engine 
Installation!  for  each  2SCK  application  rase.  The  layout!  resulted  In 
only  small  weight  change!  from  the  paramctilc  analyrl!.  The  final  In¬ 
stallation  weight!  fsr  the  six  application  rasea  are  shown  In  table  X 
along  with  corresponding  valuer  Xrom  the  pararotrlc  data  In  Section  VI. 
The  final  Installation  weights  atiown  In  table  X  wero  used  in  determining 
the  performance  index  values  i  t  table  1.  Hie  Installation  dimensional 
nocs'nclaturc  la  illustrated  In  figure  t>9. 


I  Figure  89.  Typical  Kultlenglne  Installation  FD  23129 
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(C)  The  Cj»e  1  instnilatlon  layout,  figure  90,  shra/a  five  englnei  nounteil 
In  a  cruciform  arrangomont  with  the  necessary  installation  hardware.  The 
ttK'unting  position  of  the  heat  shield  was  set  to  provide  sufficient  venti¬ 
lation  airflow  for  the  secondary  nozzle.  The  perfornance  Indix  optimization 
studies  resulted  In  a  module  with  an  area  ratio  of  75,  a  mount  ring  radius 
of  101  inches,  and  a  mount  height  of  78  Inches.  It  vat  necessary  to  In¬ 
crease  the  count  height  on  the  layout  to  88  inches  to  provide  the  required 
clearance  between  ttic  center  engine  propellant  feed  lines  and  the  pro¬ 
pellant  tank.  The  mount  radius  was  held  constant  to  provide  clearance 
between  adjacent  engines  In  their  fully  glrbaled  (‘  7  degrees)  positions. 

The  co.ie  within  a  cone  thrust  structure  arrangement  used  in  the  parametric 
studies  was  retained.  A  slight  change  In  the  center  engine  crossbeams  was 
made  to  provide  a  more  uniform  distribution  of  radial  loads  and  a  more 
direct  feed  line  routing.  The  parait>ctrlc  design  analysis  considered  cross¬ 
beams  running  from  opposite  engines  with  the  center  engine  mounted  at  the 
beam  intersections.  The  layout  analysis,  figure  90,  Indicated  mat  a 
smaller  center  engine  crossbeam  was  required,  iti  addition  to  a  more  uni¬ 
formly  distributed  radial  loading  if  the  cone  stabilizing  beams  were  tied 
into  the  center  engine  crossbeers  rather  than  extending  the  full  glmbal 
mount  diameter  as  used  in  the  parametric  study.  This  resulted  In  a 
thrust  structure  weight  decrease  of  30  pounds.  The  propellant  feed  line 
weights  decreased  18  pounds  because  of  the  plumbing  rerouting.  The 
pressurization  system  llr.es  considered  In  the  parametric  study  extended 
from  the  engines  to  a  manifold  nca.  ehe  center  of  the  vehicle.  This 
routing  used  on  the  layout  resulted  In  a  weight  reduction  of  7  pounds. 

The  remaining  installation  com.ponents  are  the  sane  as  those  usee  In  the 
parametric  study. 

(C)  The  Case  2  installation  layout,  figure  91,  shows  the  single  engine 
and  installation  hardware.  The  perform.ince  index  optimization  studies 
resulted  with  an  engine  area  ratio  of  250  and  a  mount  height  of  73  Inches. 
The  installation  concepts  used  in  the  parametric  analysis  were  retained 
and  there  was  no  Interference  or  design  changes  required.  The  resulting 
installation  weights  were  the  same  as  for  the  parametric  studies. 
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(C)  The  Case  3  installation  layout,  sliosm  in  figure  92,  it  similar  to 
the  one  described  abcve  for  Case  1.  This  rsse  js  also  a  five  engine 
cruciform  installation  using  the  sane  design  concepts  selected  for  the 
Case  1  layout.  The  mounting  position  of  the  heat  shield  was  set  to 
provide  sufficient  ventilation  airflow  for  the  secondary  noczle.  The 
Performance  Index  optlmiz.itlon  resulted  with  ati  engine  area  ratio  of  110, 
a  mount  'ing  radius  of  118  inches,  and  a  mount  height  of  80  inches.  In 
this  case,  there  was  no  Interference  on  n.ount  height  because  of  the 
increased  clearance  i)f  the  elliptical  hydrogen  tank  dome.  Ihe  only  weight 
change  of  the  layout  1  nstal  la<.  >cn  was  due  to  the  design  cliange  described 
in  the  Case  1  discussion  on  the  more  uniform  distribution  of  radial  loads 
and  the  pressurization  system  line  weights.  These  changes  resulted  in  a 
thrust  structure  weight  decrease  of  30  pounds  and  a  pressurization  system 
weight  decrease  of  6  pounds.  The  remaining  installation  components  are  • 
the  same  as  those  used  in  the  paraietric  studies. 

(C)  The  Installation  layout  for  Case  4,  figure  93,  shows  an  eight  engine 
cluster  arranged  in  a  circular  pattern.  Tlie  optimum  conditions  selected 
by  the  performance  index  optimizations  were  an  engine  area  ratio  of  33, 
j  glmbal  mount  radius  of  98  inches  .md  a  mount  height  of  47  inches.  The 
feed  line  weights  decreased  33  pounds  due  to  plumbing  rerouting.  The 
pressurization  system  for  the  Case  4  parametric  line  routings  shown  on 
the  layout  resulted  In  a  pressurization  system  weight  decrease  of  23  pounds 
from  the  parametric  data.  The  thrust  structure  weights  used  in  the  pars- 
metrlc  study  were  bssed  on  engine  thrust  levels  of  2S0K  and  350K,  Because 
the  vacuum  thrust  of  each  respective  engine  with  area  ratios  of  33  is 
237. OK  snd  331. 8K,  the  thrust  structures  were  resized  for  these  values. 

The  thrust  structure  weight  decrease  was  60  pounds  for  the  230K  engine 
and  83  pounds  for  the  350K  engine.  The  remaining  installation  components 
sre  the  ssme  as  those  used  in  the  parametric  atudlei. 

(C)  The  Case  5  installation  layout  it  shown  in  figure  94.  This  installs* 
tlon  consists  of  two  engines  mounted  at  78  inches  on  each  side  of  the 
vehicle  centerline.  The  optimum  conditions  selected  by  the  Performance 
Index  studies  were  an  engine  area  r.'.tlo  of  200  and  a  mornt  height  of 
52  inches.  There  were  no  interference  problems  and  the  Installation 
weight  Is  the  same  as  used  in  the  parametric  studies. 

(C)  The  Installation  layout  for  Case  6  la  shown  In  figure  93.  This 
Installation  Is  a  single  engine  mounted  on  the  vehicle  centerline.  The 
optimum  Installation  conditions  determined  by  the  Performance  Index 
studies  were  an  engine  area  ratio  of  230  and  a  mount  height  of  33  Inches. 
The  layout  mount  height  vat  Increased  to  43  inches  due  to  interference 
between  the  oxygen  feed  line  snd  the  thrust  structure  crossbeam.  The 
Increased  mount  height  eliminated  the  Interference  due  to  the  reduction 
In  the  crossbeam  size  with  increased  mount  height.  The  Installation 
componenCa  arc  Che  same  as  those  used  In  the  parametric  studlra. 
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SECnON  V 
SPECIAL  STUDIES 

A.  NOZZLE  CONCEPT  EVALUATION 

(U)  A  perforTjncr  corparlson  study  of  the  tvo-pnsltlon  I Igtitwr Ight  nozzle 
concept  relative  to  the  fixed  fully  regenerative  nozzle  was  conducted. 

The  two-posltlon  lightweight  nozzle  produced  higher  performance  than  the 
fixed  regenerative  In  all  cases  except  Case  4.  The  difference  In  per¬ 
formance  of  the  two  concepts  for  Case  4  was  small  but  favored  the  fixed 
regenerative  nozzle.  The  gclns  In  performznce  resulting  from  the  light¬ 
weight  tvo-posltlon  nozzle  concept  were  further  evaluated  to  establish 
the  relative  Individual  merits  of  the  tvo-posltlor  feature  and  the  light¬ 
weight  feature.  The  performance  gain  In  Cases  1,  3,  and  5  was  due  mainly 
to  the  two-posltlon  nozzle  while  the  lightweight  feature  was  the  moat 
significant  for  Cater  2  and  6. 

(U)  The  performance  advantages  of  the  two-posltlon  lightweight  nozzle 
concept  are  due  to: 

1.  Lighter  engine  weight  -  Nozzle  Is  cooled  by  low-pressure 
hydrogen  expelled  overhoard  and,  therefore,  the  cooling 
tubes  do  not  have  to  be  constructed  to  withstand  the 
high  Internal  working  pressures  associated  with  a  re- 
ger.eratl vely  cooled  nozzle. 

i.  Better  sea  level  performance  -  The  low  area  ratio  portion 
of  the  nozzle  can  be  used  for  lower  stages  at  sea  level 
and  the  high  area  ratio  nozzle  ran  be  extended  as  the 
vehicle  gains  altitude. 

3.  Higher  area  ratios,  and  therefore  higher  specific  Impulse, 
can  be  packaged  In  a  given  Interstage  area  for  higher  upper 
•  tage  performance. 

(U)  Although  the  expelled  hydrogen  In  a  dump-cooled,  lightweight  nozzle 
hat  specific  Impulse  levels  equal  to  the  main  exhaust  strtsm,  a  small 
engine  performance  loss  results  because  this  coolant  flow  extracts  heat 
frou  the  main  exhaust  stream  that  would  normally  be  returned  to  the 
engine  In  a  regenerative  cooling  cycle.  A  small  loss  also  occurs  because 
of  a  ahift  to  higher  Injector  mixture  ratio  when  the  dump  coolant  hydrogen 
is  extracted  from  the  cycle.  The  sum  of  these  penalties,  however.  It  lest 
than  I  second  In  specific  Impulse  fer  lower  stage  and  lest  than  2  seconds 
for  the  upper  stage  area  ratios.  The  nozzle  translation  nifchanl sn  weight 
penalties  must  be  considered  In  comparison  with  fixed-nozzle  engines. 

This  Is  s  trade-off  of  the  length  and  weight  sensitivity  of  the  partlc- 
ulsr  appllcstlon. 

(U)  The  Performsnee  Index  rslculstfons  provided  s  method  to  stsess  the 
effect  on  total  vehicle  performance  of  the  lightweight,  two-posltlon 
nozzle,  while  Including  the  effect  of  the  slight  performance  degradation 
due  to  dump  cooling.  In  addition,  the  Individual  aspects  of  the  concepts 
rsn  he  evsluated. 
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(C)  To  obtain  •  direct  compa  lKon  of  tl<r  noztlr  :oncc'pta,  t  coimon 
engine  roJulo  si;:rd  to  develop  3S0K  vac/Min  tiiruat  at  a  nozzle  area 
ratio  of  181  waa  uied  to  establish  perforrance  for  the  concepts.  The 
181  expansion  ratio  is  the  ccctnon  nodule  size  tliat  was  established  for 
the  fixed  regenerat  i  vely  cooled  nozzle  engine.  The  actual  module  flow 
rate  used  varied  slightly  between  the  regenerative  and  dump  coolii.g 
concepts  because  of  the  small  differences  in  specific  impulse.  Using 
the  fixed  module  flow  rate,  the  location,  mixture  ratio,  and  nozzle 
expansion  ratio  were  optimized  for  the  nozzle  concepts. 

(U)  The  results  of  this  utudy  are  sumnarlzed  in  table  XI,  which  glvea 
the  relative  Performance  Index  for  each  case.  The  effect  in  all  cases 
of  uslrg  the  two-position  lightweight  nozzle  concept,  relative  to  the 
fixed  regenerative  nozzle  concept,  is  shown  in  the  first  column.  To 
differentiate  the  gain  due  to  the  tvo-posltlon  and  lightweight  concept!, 
the  effect  of  using  a  fixed  lightweight  nozzle  is  shown  in  the  second 
column.  All  results- are- rela tive  to  the  fixed  regenerative  nozzle. 

(U)  Table  XI.  Performance  Index  Comparison  of  Nozzle  Concepts 


Percent  Increase  In  W„  Relative  to  Fixed 
Regenerative  Nozzlea 

Two-Position  Lightweight  Fixed  Lightweight 


Lower  Stages 


Case  1 

1.0 

0.2 

Case  3 

4.3 

0.5 

Case  4 

-0.7 

0.0 

Upper  Stages 

Case  2 

1.1 

0.8 

Case  S 

5.8 

2.2 

Case  6 

5.8 

6.9 

(U)  Figures  96  thro-jgh  101  present  the  Performance  Index  (W^)  for  the 
nozzle  concepts  ss  a  function  of  the  nozzle  expansion  ratio.  All  points 
on  these  curves  are  also  optimized  for  mixture  ratio  (at  each  expansion 
ratio)  and  location.  The  use  of  the  two-position  lightweight  nozzles 
increases  the  optlmuin  expsnslon  rstlo  for  all  cases,  except  Cases  2  and  6, 
which  had  optimized  at  the  maxicum  area  ratio  for  the  fixed  rcgc.-.cratl ve 
nozzle-.  The  use  of  a  fixed  lightweight  nozzle  increases  the  optimum  area 
ratio  for  Case  S. 

(C)  In  the  lover  stage  cases,  the  use  of  the  two-posltfon  lightweight 
nozzle  significantly  fncrcaaes  the  performance  over  the  fixed  regenerative 
nozzle  except  In  Case  4.  Case  3,  which  Is  s  slnglc-stagc-to-orbl t  sppllcs- 
tloa,  places  a  premium  on  both  sea  level  and  vacuum  performance  and,  there¬ 
fore,  Indicates  the  largest  performance  Improvement  of  the  lower  stages  A 
comparison  of  the  results  In  columns  I  and  2  indicate  that  the  majo'  increase 
In  performance  for  Cases  I  and  3  la  due  to  the  advantages  of  the  tvo- 
posltion  nozzle  concept,  which  allows  both  Improved  sea  level  performance 
and  an  Increase  In  the  optimum  overall  area  rstlo.  Case  4  has  a  strong 
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dlamrtrr  constraint  that  limits  thr  obtainable  expansion  ratio,  and, 
therefore  does  not  show  an  advantage  for  the  two-psoltlon  concept. 
Further,  the  optlmra  expansion  ratio  for  a  fixed  nozzle  Is  apprcxl matel]' 
35  and  therefore  there  Is  no  difference  In  performance  for  a  regenera¬ 
tive  or  lighteelght  (dump  cooling  starts  at  an  area  ratio  of  3*^)  nozzle 
(figure  99). 


Figure  96.  Percent  Performance  Index  vs  DF  60035 

Expansion  Ratio  for  Case  1, 

2S0K  Module 


Figure  97.  Percent  Performance  Index  vs  DF  60036 

Expansion  Ratio  for  Case  2, 

250K  Module 
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Figure  98.  Percent  Performance  Index  ve  IT  60037 

Expansion  Ratio  for  Case  3, 

2S0K  Module 
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Figure  99.  Percent  Performance  Index  va  DF  6003t 

Expansion  Ratio  for  Case  4, 

2S0R  Module 
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(U)  For  the  upprr  iCagrc,  the  nixlnuin  gslti  In  performjnce  for  two* 
position  lightweight  nozzles  wss  In  Cases  5  snd  6.  The  Increase  In 
prrfornznce  wss  equivalent  to  a  gain  of  spproxlinately  11  seconds  and 
10  seconds  In  specific  Ir.pulse  for  Cases  S  and  6,  respectively.  Case  2 
yields  less  of  a  gain  and  this  Is  due  mainly  to  the  lightweight  feature. 
The  results  also  Indicate  that  he  major  advantage  in  Case  S  Is  due  to 
the  two-posltlon  concept  and  In  Case  6  to  the  lightweight  feature.  Both 
Cjses  5  and  6  are  very  sensltl.re  to  savings  In  engine  weight  because  the 
calculations  Includes  a  stage  weight-growth  constant  that  yields  3  lb 
Increase  In  for  1  lb  decrease  In  engine  weight.  Case  5  has  a  strong 
length  constraint  (50  lb  In  per  Inch  of  stowed  length)  due  to  the 
closure  fairing  area;  wheteas  Cases  6  (although  having  an  Interstage  ares) 
has  very  little  length  constraint  (1  lb  of  per  Inch  of  stowed  length). 
The  reduced  stowed  length  of  the  two-posltlon  concepts  allows  a  sig¬ 
nificant  Increase  in  the  nozzle  expansion  ratio  In  the  length  constrained 
Case  S,  (figure  100).  The  length  constraint  in  Case  6  is  not  strong 
enough  to  offset  the  additional  weight  of  the  two-position  nozzle  actua¬ 
tion  mechanism.  Case  6  optimizes  at  the  highest  expansion  ratio  for  all 
nozzle  concepts  as  shown  In  figure  101.  Case  2  has  a  low  length  constraint 
(but  greater  than  Case  6)  of  2.7  lb  in  per  inch  of  stowed  length  and  a 
rne-for-one  weight  trade.  This  results  in  a  modest  performance  improve¬ 
ment  for  the  two-position  llgh*'wclght  nozzle  with  the  major  portion  due 
to  the  lightweight  feature. 

B.  THRUST  VECTOR  CONTROL  COIPARISON  ANALYSIS 

(U)  The  objective  of  the  Thrust  Vector  Control  (TVC)  system  analysis  waa 
to  select  the  optimum  system  for  use  in  the  application  study  cases. 
Selection  between  the  competing  systems,  mechanical  deflection  and  sec¬ 
ondary  injection  thrust  vector  control  (SITVC),  was  based  on  comparison 
of  Performance  Index  (W^)  values  for  the  six  vehicle  cases. 

(U)  The  comparison  indicated  a  distinct  advantage  of  the  mechanically 
gimbaled  system  over  the  secondary  injection  system.  Therefore,  the 
mechanical  glmbal  system  was  selected  for  all  the  application  study  cases. 

(U)  To  compare  the  secondary  injection  system  with  a  mechanically  gimbaled 
system,  a  detailed  study  of  SITVC  was  conducted  that  defined  the  system 
and  outlined  the  requirements.  The  secondary  flow  injection  technique 
depends  on  the  side  forces  generated  by  a  fluid  injected  into  the  nozzle 
exhaust  stream  to  ,.Toduce  a  resultant  thrust  vectoring  force.  The  dis¬ 
turbance  created  results  in  an  induced  force  operating  on  the  nozzle  wall 
mainly  in  the  lateral  direction.  This  Induced  side  force  acts  in  addition 
to  the  direct  reaction  from  the  fluid  injection.  Figure  102  schematically 
depicts  the  operation  of  a  gaseous  secondary  injection  TVC  system.  The 
side  force  is  Induced  on  the  side  of  injection  and  there  is  li'ttle  axial 
deflection  of  the  main  exhaust  jet. 
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Figure  102,  Flow  Model  Schemotic  of  Secondary  FD  14056 

Injection  for  Thrust  Vector  Control 


GJ)  Injection  efficiency,  side  force  requirements,  and  duty  cycle  determine 
the  Injcctant  flow  rates  and  total  amount  of  Injectant  required  for  each 
appllci.tlon  study  case.  The  secondary  injectfon  systers  were  sized  for  a 
maximum  side  f orce-to>aYlal  force  ratio  of  0.07,  The  average  side  force- 
to-axlal  force  ratio  used  was  0,035  for  the  lower  stages  and  0,02  for  the 
upper  stages.  A  total  side  Irpulse-to-axlal  Impulse  ratio  of  0.02  for  the 
lower  stages  and  0.01  for  the  upper  stages  was  used.  These  design  require¬ 
ments  were  specified  in  the  Applications  Study  Package  (Appendix  1). 

(U)  The  parameters  and  characteristics  pertinent  to  fluid  Injector  systems 
were  examined  to  establish  an  appropriate  basis  for  further  system  analysis. 
These  parameters  and  results  are  discussed  In  the  following  paragraphs. 
References  1,  2,  and  3  were  used  extensively  in  this  revlev. 


1.  Type  of  Injectant 

(U)  Three  general  types  of  secondary  injection  systems  were  considered 
for  the  applications  study  cases.  These  were  (1)  hot  gases  such  as  com¬ 
bustion  gases,  (2)  cool  gas,  and  (3)  reactive  liquids.  The  specific 
fluid  chosen  from  each  group  were  oxygen-hydrogen  combustion  gases,  room 
temperature  hydrogen,  and  nitrogen  tetroxlde.  Required  injectant  flow 
rates  were  determined  for  each  fluid  for  the  required  tide  forcc-to-total 
force  ratios.  Figures  103  and  104  show  the  required  maximum  flow  for  ■ 
typical  lower  stage  (Case  I)  and  upper  stage  (Case  2).  A  ccmp.irlson  of 
performance  of  and  hydrogen  gas  with  that  of  combustion  gases  for 

the  applications  cases  Indicated  that  N2O4  and  hydrogen  gas  can  be 
eliminated  as  SITVC  Injectanta  on  the  basis  of  required  Injectant  fl<w 
rate  and  total  required  Injection  pressures.  Accordingly,  only  the  hot 
combustion  gas  system  vat  considered  for  design  analysis. 
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2.  Injector  Axltl  Location 

(U)  The  opclnum  axial  location  varira  for  the  type  of  injrctant.  Anlal 
locatloni  are  expressed  as  X/L,  tiie  disiance  from  the  throat  of  the  main 
noczle  to  the  TVC  injector  location,  divided  by  the  distance  from  the 
throat  of  the  main  nozzle  to  the  exit  plane  of  the  main  nozzle. 

(U)  Combustion  gases  exhibited  the  best  performance  when  injected  at  one 
nozzle  exit.  (See  figure  lOS.)  The  opticum  X/L  is  0.65  for  room  tem¬ 
perature  hydrogen  and  0.2  for  nitrogen  tetroxlde. 


Figure  lOS.  Weight  Flow  Ratio  vs  Axial  DF  57283 

Location  (Combustion  Cases) 


3.  Injectant  Mach  Number 

(U)  The  majority  of  available  SITVC  data  are  for  Injection  of  the  fluid 
at  Mach  1,  therefore,  the  design  Hath  number  for  this  study  was  sstusied 
to  be  Mach  1. 


4.  Sector  Angle 

(U)  The  sector  sngle  la  the  arc  of  the  main  nozzle  circumference  th.-ough 
which  Injection  takes  place.  Available  data  shoved  that  the  optlnim 
section  angle  wai  45  degrees  for  conbustlon  gates. 
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5.  Temperature  of  Injectant 

(U)  Reference  3  pretenca  a  parameter  ttiat  can  be  used  to  correlate 
gaseous  data  with  different  molecular  weights  and  tempersturea 


This  parameter  can  be  used  to  estimate  performance  for  different  injectfoa 
temperatures  by  nultlplylng  by  the  ratio  of  similarity  parameters.  The 
n.xt  phase  of  the  secondary  injection  analysis  included  the  performance 
evaluation  and  integration  of  the  system  with  the  engine  and  vehicles 
being  consiih'red  in  the  application  study. 

(U)  Two  types  of  secondary  injection  systems  using  combustion  gases  were 
considered  for  prellminsry  design.  The  first  system  used  hot  gases  ex¬ 
tracted  from  the  main  engine  cycle  (tapoff  system)  snd  the  second  systea 
used  hot  gases  from  s  separate  gas  generator  (separate  system). 

(U)  Design  snslysls  to  obtain  the  weight  of  the  equipment  associated  with 
each  system  vat  conducted.  The  analysis  was  based  on  the  flow  rate  and 
total  injectant  requirements  of  each  application  cate. 

(U)  The  tapoff  system,  which  extracts  hot  gases  from  the  rutin  engine  cycles, 
was  conceptually  designed  to  extract  hot  gases  from  below  the  turbines.  The 
components  for  the  tapoff  system  include  supply  lines,  control  system,  mani¬ 
fold,  thrust  nozzle  stiffening  requirements,  and  four  separately  controlled 
gas  injecting  manifolds  centered  at  90-degree  intervals  with  each  extending 
over  an  arc  of  45  degrees.  In  addition,  the  system  weight  includes  estimates 
for  there  components  and  the  total  injected  gas  weight. 

(U)  In  the  separate  secondary  injection  TVC  system,  the  gst  for  the 
Injection  Into  the  main  engine  nozzle  Is  obtained  from  a  gas  generator. 
Propellants  (H2  and  O2)  for  the  gas  generator  are  supplied  from  separate 
pressurized  tanks.  The  liquid  oxygen  and  hydrogen  tanka  were  sized  for 
a  propellant  mixture  ratio  of  1.30.  The  tanks  were  pressurized  by  hellua 
stored  under  high  pressure  at  a  temperature  of  30*R.  A  weight  optimisa¬ 
tion  was  made  for  the  Initial  helium  tank  storage  pressure.  Tn  addition^ 
weight  analysis  Includes  control  ignition  system  supply  lines.  Injecting 
manifolds  and  nozzle  stiffening.  Arrangement  of  the  system  components 
was  assumed  to  cause  no  increase  in  vehicle  length. 

(U)  The  Instsllation  weight  for  the  secondary  injection  TVC  schemes  was 
obtained  for  all  cases  and  is  shown  in  table  XII  relative  to  the  mechanical 
glmbal  installation  weights. 
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(U)  Table  XII.  Installation  and  Prop'llant  Weight  Changes 
for  Secondary  Injection  Systems 


Installation  Weight* 

t 

Propellant 

Case 

Tapof f 

,  Separate 

Tapoff 

Separate 

lb 

System, 

lb 

lb 

System,  Ib 

1 

■*-103i 

+6050 

4500 

4500 

2 

+  465 

+  1225 

700 

700 

3 

+1035 

+8900 

6150 

6150 

4 

+  1640 

+  9660 

7200 

7200 

5 

+  930 

+2450 

1400 

1400 

6 

+  460 

+1225 

725 

725 

♦Relative  to  mechanical  gimbal 

system. 

(U)  A  Performance 

Index  (Wjj)  comparison 

of  each  system  was  compared  to 

mechanical  gimbal 

baseline  values.  The 

result  of 

using  either  hot-gas 

secondary  system  w.-is  a  significant  reduction  In 

for  all  six  ADP 

vehicle 

cases.  Table  XIII  provides  a  summary  of  the  results. 

(U)  Table  XIII. 

Performance 

Index  Comparison  of  Hot-Gas  Secondary 

Injection  to  Mechanical  Glr.bal 

(X  Difference) 

Tapof f 

Separate  System 

Case  1 

-1.91 

-3.81 

Case  2 

-1.57 

-2.51 

Case  3 

-9.75 

-25.0 

Case  4 

-3.25 

-9.6 

Case  S 

-5.9 

-9.2 

Case  6 

-6.25 

-9.4 

(U)  The  separate  system  requires  Its  own  pressurant  and  propellant  tanks 
and  gas  generator  so  that  no  Impulse  or  tankage  mixture  ratio  penalty 
need  be  assessed.  The  values  were  calculated  at  the  previously  estab¬ 
lished  baseline  optimum  mixture  ratio  sr.d  expansion  ratios. 

(U)  The  weight  of  the  ancillary  tanks  and  propellsnts  required  for  the 
external  secondary  injection  system  was  considered;  however,  the  results 
In  table  XllI  are  based  on  the  assumption  that  tank  placement  would  not 
Interfere  with  optlnum  engine  location  (i.e.,  the  tanks  were  considered 
to  be  stored  above  the  vehicle-engine  Interface).  Case  1  was  examined 
to  Investigate  the  magnitude  of  penalty  Incurred  by  storing  the  tanks 
below  the  vehicle-engine  Interface.  Tank  diameters  for  the  hydrogen, 
oxygen,  and  helium  are  S.6,  2.4,  and  4.4  feet,  respectively,  for  each 
engine.  The  engine  spacing  and  height  were  varied  so  that  the  tanks 
would  fit  symmetrically  around  the  vehicle.  This  tank  arrangement 
further  decreases  the  Case  1  performance  Index  to  5.34T  as  compared  with 
a  decrease  of  3.8H  for  the  noninterference  arrangement  (table  XIII). 
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(U)  The  tipoff  cycle  syatem  msc  be  penalized  for  extracting  flow  froia 
the  engine  cycle  when  Wj,  perfornance  la  calculated.  This  cen  be  done  in 
either  of  two  methods;  either  by  using  an  engine  impulse  and  thrust  loti 
caused  by  flow  extraction  or  by  compensating  the  engine  by  utilizing  a 
different  mixture  ratio  from  the  main  propellant  tanks.  The  results  in 
table  XIII  are  based  on  shifting  the  tank  mixture  ratio  to  compensate 
for  flow  extraction.  To  check  the  validity  of  using  this  method  of 
analysis,  the  for  Case  5  was  calculated  using  both  methods;  the  engine 
performances  shift  method  gave  5.951  change  at  compared  to  5.9!1  for  the 
mixture  ratio  change. 

(U)  Based  on  the  results  of  table  XIII  ft  vat  concluded  thst  the  mechan- 
icslly  glrbaled  system  gives  the  best  performance  for  all  catea. 

C.  PROCRAM^XD  MIXTURE  RATIO 

(U)  A  study  was  conducted  to  determine  the  effects  and  possible  Performance 
Index  gains  by  using  a  programmcu  mixture  ratio  for  lower  stage  applications. 
This  technique  uses  high  mixture  ratio  operation  during  the  early  portion  of 
the  vehicle  flight  to  reduce  vehicle  gross  weight  more  rapidly  at  a  sacrifice 
in  specific  impulse;  subsequently,  module  operation  reverts  to  the  previously 
determined  optlrum  mixture  ratio  (maximum  Impulse)  for  the  remainder  of  the 
flight.  The  anticipated  performance  improvement  results  from  the  Incrcssed 
vehicle  acceleration  during  the  early  acceleration  sensitive  portion  of  the 
trajectory.  The  higher  .iceclorati on  results  from  the  higher  propellant 
flow  rates  at  high  mixture  ratios.  The  lover  specific  Impulse  at  high 
nilxCure  ratios  is  countered  by  operation  at  low  mixture  ratios  and  higher 
specific  Impulse  during  the  latter,  less  thrust  sensitive  portion  of  the 
boost  trajectory. 

(U)  Two  specific  engine  operating  modes  were  investigated: 

1.  Using  the  engine  module  ovcr*thrust  capability  for  all  but 
the  extreme  high  and  low  mixture  ratio  points 

2.  Noimal  operation  (l.e.,  constant  thrust  over  the  mixture 
ratio  range). 

(U)  These  thrust  profiles  are  shown  In  figure  106.  The  upper  curve  (type  1) 
shows  the  available  thrust,  which  it  defined  from  the  engine  operational 
limit  of  maximum  design  fuel  pump  speed.  The  lover  or  constant  curve 
(type  2)  is  the  normal  operating  nod*. 
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Figure  106.  Thrust  vs  Mixture  Ratio  DF  57557 

(U)  The  effect  of  programmed  or  varying  mixture  ratio  on  the  overall 
Performance  Index  was  established  by  optimizing  the  level  of  the  high 
mixture  ratio  and  the  time  (vehicle  velocity  Increment)  when  the  mixture 
ratio  la  reverted  back  to  a  low  value.  As  discussed  previously  and  out¬ 
lined  In  Appendix  I,  vehicle  calculations  are  made  at  velocity  Increment 
steps  of  200  fps  over  the  complete  velocity  Increment  (.5V)  range.  The 
study  va*  done  by  programming  the  vehicle-engine  to  operate  at  a  series 
of  higher  thsn  average  mixture  ratios  at  the  beginning  of  the  flight. 

The  velocity  (5V)  at  which  the  system  was  transferred  back  to  a  lover 
mixture  ratio  was  also  varied.  This  Is  shown  In  figure  107.  For  the 
mission  calculation,  the  mixture  ratio  Is  set  at  level  (A)  to  a  AV  value 
of  (1)  at  which  point  the  mixture  ratio  Is  changed  to  level  (B).  A 
Performance  Index  (W^)  value  Is  obtained  for  this  mission  profile.  This 
procedure  Is  repeated  for  several  Initial  portions  of  AV  values  (2),  (3), 

(4),  etc.  This  Is  then  repe-  .ed  for  other  Initial  or  primary  mixture 
ratios  such  as  (C).  The  various  obtained  values  of  the  Performance  Index 
(W^)  are  plotted  In  figure  108  for  Case  1.  This  curve  gives  the  Per¬ 
formance  Index  at  various  primary  mixture  ratios  as  a  function  of  the  AV 
portion  of  the  mission  where  the  Initial  mixture  ratio  was  returned  to 
the  lower  mixture  ratio.  The  lines  of  primary  mixture  ratio  represent  a 
locus  of  performance  points  using  the  given  initial  mixture  ratio  to 
successive  higher  AV  values.  These  drtj  can  be  cross-plotted  to  yield 
the  Improved  along  with  the  optimum  primary  mixture  ratio  and  optleum 
transition  dV  valves.  These  curves  are  restricted  to  a  given  engine  area 
ratio.  This  complete  piocedure  was  repeated  for  various  engine  area  ratios 
to  reoptimize  the  engine  area  ratio  for  the  programmed  mixture  ratio  operation 
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(U)  The  final  result!  for  each  of  the  lower  stage  cases  using  the  In* 
creased  thru*:t  profile  la  shown  in  figures  109,  110,  and  111.  These 
results  Indicate  that  the  engine  available  thrust  and  higher  propellant 
flow  rate  at  high  mixture  ratios  did  produce  trajectory  improvements 
sufficient  to  outweigh  the  losses  resulting  from  the  lower  specific 
Impulse  during  high  mixture  ratio  operation.  The  net  increase  In 
Ferfcrmance  Index  (U^)  is  shown  in  table  XIV. 


Figure  109.  Programmed  Mixture  Ratio  for  Case  1,  DF  57311 
Type  I 


5 

# 

I 

i 


i 

I 

I 

I 

1 

f 


j 

i 


Figure  110. 


Progr* 
type  I 


I 

1 


COiTiDWTIAl 


L 


Figure  111.  Progremmt'd  Mixture  Ratio  for  Cace  4,  DF  573S3 
Type  I  .  •  ^ 

(U)  Table  XIV.  Performance  Improvement  Uaing 
Programmed  Mixture  Ratio 


Caae  Increase  In 


(C)  The  effects  of  programmed  mixture  ratio  was  also  evaluated  with  con> 
stent  thrust  over  the  mixture  ratio  range  to  separate  the  effects  of 
vehicle  mass  change  rate  from  the  influence  of  thrust  increase.  Analysis 
indicated  reduced  Performance  Index  values  for  all  cases  and  for  all 
mixture  ratio  variations.  Typical  results  obtained  are  shown  in  figure  112 
and  all  performance  values  are  below  the  constant,  but  optimum,  mixture 
ratio  evaluation.  Similar  analysis  for  Cases  3  and  4  yield  the  same  con* 
elusions  as  for  Case  1.  The  evaluation  of  various  area  ratios  were 
limited  due  to  the  negative  results;  however,  area  ratios  of  40  and  60 
were  checked  and  gave  the  same  conclusion.  Therefore,  with  the  constant 
thrust  operation,  the  Improvements  due  to  the  higher  acceleration  (re¬ 
duced  gravity  and  drag  losses)  during  high  mixture  ratio  operation  did 
not  outweigh  the  losses  due  to  the  lower  specific  Impulse. 

(U)  The  conclusion  of  the  investigation  of  programmed  mixture  ratio  was 
that  programmed  mixture  ratio  offers  significant  improvements  in  per¬ 
formance  only  when  associated  with  using  the  available  increased  engine 
thrust. 
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Figure  112.  Prograraoied  Mixture  Katlo  DF  52884 
for  Coattent  Thruet,  Type  2 

D.  SENSITIVITY  PARTUU 

(U)  The  eeniltlvlty  of  the  Performance  Index  to  various  engine  parametera 
was  determined.  These  factora  were  determined  by  varying  the  parameters 
individually  for  each  application  case.  The  results  are  listed  in  table  XV, 
in  terns  of  trade  factor  as  in  pounds  per  unit  change  in  the  parameter. 
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(U)  Tabic  XV.  Pcrforrjncc  Index  Sensitivity  to  Fnglne  Parameters 


Case 

Engine 

Weight, 

Ib/lb 

Engine 
Stowed 
Lengt  h, 
Ib/ln. 

Engi ne 
Impulse, 
Ib/tec 

(At  Constant 
Flowrate) 

Engine 

Flow  Rate, 
Ib/lb/sec 
(At  Constant 
lr:pulte) 

Engl ne 

D1 ameter , 
Ib/ln. 

1 

-5 

0 

9<.7 

320 

2 

-1 

-2.7 

218 

11 

— 

3 

-5 

0 

533 

111 

— 

U 

-20 

-20 

1588 

506 

1 

5 

-6 

-50 

4.15 

22 

4.0 

6 

-3 

-1.0 

226 

11 

— 

E.  ALTERNATIVE  MODULE  SIZING  TECHNIQUES 


(U)  A  requirement  of  the  study  vas  that  a  conr.on  engine  module  be 
selected  and  used  In  all  six  vehicle  cases.  The  exhaust  nozzlei  used 
with  this  common  module  can  vary  In  expansion  ratio  or  configuration 
from  case  to  case  to  produce  optimum  stage  performance.  With  the  high* 
pressure  staged  cor.bustlon  engine  concept,  different  bell  nozzles  can 
be  used  with  the  aac^  basic  engine  module.  It  was  determined  that  the 
application  cases  in  this  study  were  sensitive  to  propellant  flow  rate 
and,  therefore,  to  the  technique  used  to  size  the  basic  engine  module, 
Becai  se  the  module  Is  defined  by  vacuum  thrust,  increasing  the  basic 
mod'.te  size  to  higher  propellant  flow  rates  produced  higher  Performance 
Inoex  In  the  lower  stages.  The  effect  of  the  flow  rate  Is  shown  In 
Section  II. 

(C)  Because  of  the  flow  rate  effect,  It  was  decided  to  Investigate  ■ 
number  of  optimization  techniques  before  the  final  analysis.  The  result* 
of  this  study  In  terms  of  a  normalized  summation  of  values  are  shown 
In  figure  3.  Table  XVI  presents  a  breakdown  of  the  individual  stage 
performance  for  each  of  the  six  cases.  The  recommended  technique  (and 
used  for  the  final  values  In  this  report)  Is  shown  on  the  second  bar. 

A  normalized  surimatlon  of  all  six  vehicle  cases  was  used  to  establish  the 
expansion  ratio  for  2S0K  vacuum  thrust  and,  thus,  common  module  size. 

No  engine  exceeds  250K  vacuum  thrust;  however,  higher  performance  could 
be  obtained  with  this  technique  if  Cases  2  and  6  were  allowed  to  go  to 
the  stage  matched  optlnum  of  AGO.  The  summation  percentage  would  Increase 
from  98.2  to  98. S. 


o  o 

flO 

o 

o  o 

o  o 

CO  *A 

o  o 

•’.R 

•  o 

• 

»r» 

•  o 

•  o 

•  m 

»  O' 

.  ^ 

& 

o 

fx. 

f'i 

o  ^ 

o  .o 

lA 

fx* 

M 

o 

o 

o 

O' 

O'  • 

CO  a 

CD  a 

• 

^  1 

• 

^  • 

*-«  ■ 

• 

w 

o 

w 

<•# 

«» 

•/> 

o  o 

O' 

m  o 

(N  O 

f4  lA 

m  o 

m 

•  o 

• 

O 

•  IW 

•  o 

•  CD 

.  O' 

.  ^ 

•  tA 

O 

O' 

CN 

O'  €>4 

CD  «0 

o 

<A 

lA 

«• 

o 

O' 

O' 

O' 

o 

O'  t 

O'  a 

O'  a 

• 

^  1 

■ 

1 

• 

• 

«* 

«# 

«4 

o 

<t0 

o  »A 

CO 

lA  tA 

«A 

O 

^  s 

•  <n 

• 

<n 

•  r> 

•  <n 

•  «A 

.  O' 

.  ^ 

>  lA 

o 

o 

'O 

'O 

'C 

f** 

fS 

f«* 

pxx 

10 

O  1 

O' 

• 

O'  • 

O'  ^ 

O  I 

o  • 

O'  a 

O'  a 

« 

u 

<•4 

<o 

w 

«» 

•A 

<n 

o 

r\ 

o 

xO  » 

'O  00 

<A  O 

tA  lA 

CO  o 

A  CO 

C 

•  o 

1 

•  o 

•  o 

•  ^ 

•  O' 

X 

•  lA 

a« 

o  ^ 

00 

*0 

sO 

O  W 

O' 

'O 

'O 

N 

«e 

o 

O' 

O' 

O' 

o 

O'  1 

O'  a 

O'  1 

tA 

« 

U 

•Xl  ■ 

1 

m 

■ 

• 

■ 

<•4 

«4 

*•4 

€ 

9 

•o 

<N 

o  o 

m 

O 

o  o 

o  o 

CO  ^ 

O'  lA 

O'  o 

'O  CD 

Q 

•  o 

• 

«  o 

•  o 

•  CO 

.  O' 

•  «£» 

•  »A 

£ 

C 

o  ^ 

CO 

<>4 

o  «o 

O  xO 

r>x>  ^ 

(A 

cn 

«A 

« 

o 

O' 

o 

o 

O' 

O'  1 

O'  a 

O'  a 

a> 

« 

1 

1 

^  1 

^  1 

1 

<o 

<i4 

> 

u 

«# 

w 

1 

• 

c 

u 

^4 

o  o 

O' 

0-^  «A 

tTi 

r<4  O 

CO  tA 

f*.  o 

K  00 

«  tn 

« 

fox 

•  f'' 

‘ 

•  CO 

•  O' 

•  'O 

»  lA 

i> 

o 

fN 

px» 

fx* 

CD 

CO 

CD 

CO 

« 

O  1 

O' 

1 

O'  • 

O'  • 

O'  1 

O'  • 

O'  a 

O'  a 

< 

« 

u 

w 

<0 

o 


•  ••••• 
m  ^  «  r«»  « 


111 

COliFIDQM 


COIIFiDDITIAL 


(C)  The  other  ban  on  figure  3  »hw  the  effect  of  conirion  engine  propellant 
flow  and/or  different  ground  rulef.  Bar  No.  3  eliows  performance  where  a 
common  engine  size  of  400  was  selected,  Tt.ls  was  the  I'ptiruin  module  size 
using  the  stated  Applications  Package  optimization  technique  except  that 
all  engine  expansion  ratios  were  r.atched  to  stage  requ  1  rer»-nt  s ;  however, 
no  stage  aatched  engine  produces  thtust  above  250K  vacuum  thrust.  (The 
sumxed  performance  shown  on  Ear  No.  3  was  for  two-posltlon  lightweight 
nozzles  as  were  all  other  bars  except  as  noted  on  Bar  No.  7  and  6.)  Bar 
No.  4  Is  the  same  as  Bar  No.  3  except  tliat  all  upper  stage  engines  used  the 
same  extension  ratio.  Bar  No.  4  thus  exactly  uses  the  optimization  and 
module  sizing  technique  (for  two-position  nozzle  engines)  as  outlined  in 
the  Applications  Package.  Bar  No.  .5  indicates  performance  where  a  common 
engine  ..ize  of  181  was  selected.  This  was  the  optimum  size  for  fixed 
regenerative  cooled  engines  using  the  stnted  Applications  Package  optimlza- 
tloft  technique.  Bar  No.  6  shows  Wj^  performance  where  the  same  expansion 
ratio  two-position  nozzle  and  the  tame  power  package  was  used  in  all  tlx 
vehicle  applications.  Bar  No.  7  it  the  same  as  Bar  No.  6  except  that  a 
fixed  lightweight  nozzle  engine  is  used  in  all  cases.  Bar  No,  8  shows 
petformance  using  a  co.-nmon  power  package  and  co.-nmon  fixed  regenerative 
nozzle  In  all  cases. 

(U)  Results  of  some  of  the  more  significant  alternative  optimization 
techniques  are  discussed  in  the  following  paragraphs. 

1.  Constant  250K  Vacuum  Thrust  (Bar  No.  1) 

(U)  Each  application  case  was  parametrically  optimized  with  2S0K  vacuum 
thrust  level  at  all  points.  The  resulting  Perforranee  Index  values  are 
the  highest  possible  within  the  ground  rule  that  no  stage  matched  engine 
can  exceed  2SCK  vacuum  thrust,  and  provide  a  standard  for  rating  other 
module  sizing  techniques.  The  optimization  procedure  was  the  same  as 
discussed  in  Section  IV.  It  should  be  noted  that  the  thrust  will  be 
maintained  constant  with  differing  expansion  ratios  and  a  slight  variation 
in  module  flcnz  rate  and  power  package  size  will  occur.  The  parametric 
engine  data  used  are  in  Appendix  II. 

a.  Case  1  -  Lower  Stage  Expendable 

(U)  Perforcvince  Index  as  s  function  of  expansion  ratio  it  shown  in  flg> 
ure  113.  With  the  constant  thrust  ground  rule,  the  lower  stages  tend 
to  optimize  at  lower  expansion  ratios,  because  at  lower  expansion  ratios 
the  overall  propellant  flow  Is  Increased  to  produce  a  given  vacuum  thrust. 
This  increased  propellant  flow  level  raises  sea  level  thrust  which  in 
turn  provides  better  lower  stage  performance  because  of  reduced  gravity 
and  drag  losses.  Case  1  expansion  ratio  it  thus  driven  to  such  s  level 
that  a  fixed  nozzle  engine  hzs  approxir.ately  the  sane  performance  as  • 
two-posltlon  nozzle  engine.  This  is  also  shown  in  figure  113.  This  is 
a  som.cwhat  artificial  optimization  stiuatlon;  if  the  engine  module  size 
were  fixed,  the  optlcum  expansion  ratio  would  again  Increase  to  the  values 
shown  on  the  common  module  size  study  with  an  Increase  in  vehicle  perfora- 
snee  with  a  two-posltlon  nozzle. 
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rigure  113.  Per  fortune*  Index  vt  Expanilon  DF  57M7 

Ratio  for  Case  1,  250R  Module 


b.  Cate  2  -  Upper  Stage  Expendable 


(C)  Performance  Index  at  a  function  of  expansion  ratio  Is  shovn  In  flf 
ure  114.  As  noted  with  ether  module  sizing  ground  rules,  this  cate  tends 
to  optimize  at  the  hlghes..  possible  expansion  ratio.  A  maximum  expansion 
ratio  of  400  was  used  In  all  of  the  application  studies  and  Case  2  con* 
slstently  shows  Increasing  performance  up  to  this  limit  with  all  tech* 
nlquet  of  optimization. 


Figure  114.  Performance  Index  vs  Expansion  DF  S764t 

Ratio  for  Case  2,  250K  Modula 

COi:FiD£tlM 
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c.  Ca«r  3  -  Slnglr  Stage  to  Orbit 

(C)  Performance  Index  as  a  function  of  expansion  ratio  Is  shown  In  fig¬ 
ure  115.  Tlie  ppt  laa-a  expansion  ratio  Is  105,  which  Is  only  a  slight 
reduction  fto.ii  the  optlmu.m  value  obtained  ftom  the  common  module  size 
s  tudy . 
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Figure  115.  Porfornanco  Index  vs  Expansion  DF  57649 

Ratio  for  Case  3,  250K  Module 

d.  Case  4  •  Recoverable  Lower  Stage 

(C)  Porfornance  Index  as  a  function  of  expansion  ratio  is  shown  in  fig¬ 
ure  116.  The  cptlcun  expansion  ratio  is  35  (fixed  nozzle),  which  is  the 
same  as  that  for  the  comcnon  module  size.  No  change  occurred  because 
diameter  restraints  of  the  Case  4  vehicle  forced  the  common  module 
expansion  ratio  down  to  almost  the  lowest  feasible  value. 

e.  Case  5  •  Recoverable  Upper  Stage,  Plck-a-Back 

(C)  Performance  Index  as  a  function  of  expansion  ratio  is  shown  in  fig¬ 
ure  117.  The  optlrum  expansion  ratio  is  200  which  is  the  same  as  that 
for  the  common  module  case. 

f.  Case  6  -  Recoverable  Upper  Stage,  Tandem 

(C)  Performance  Index  as  a  function  of  expansion  ratio  Is  shown  In  fig¬ 
ure  118.  As  with  Case  2,  this  case  tends  to  show  highest  performance  at 
the  highest  possible  expansion  ratio,  which  was  400  for  all  cases  In  the 
applications  study. 
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Figure  116.  Perforrjnce  Index  v»  Expanilon  DF  57650 

Ratio  for  Cate  U,  250K  Module 
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Figure  118.  Pfrforrjnce  InJrx  vi  Expinslon  DF  576>2 

Ratio  for  Caae  6,  250K  Modtile 

(U)  A  co“plctf  sun.-%ary  for  all  of  the  constant  250K  vacuun  thrust  cates 
Is  shown  in  table  XVII.  Fcr  eorparlson,  the  results  of  250K  cotmion 
ncxiule  study  are  shown  in  tabic  XVlll.  The  corvnon  nodule  performance 
values  are  very  close  to  the  constant  thrust  values  (which  represent  the 
highest  case  perforrjr.ee).  This  indicates  that  there  it  only  nininal 
perfornance  penalty  associated  with  the  use  of  a  cornon  engine  nodule  for 
all  presently  conceived  vehicle  applications. 

2.  Stage  Fetching  Ca<es  2  and  6 

(C)  As  noted  in  previous  sections,  Cases  2  and  6  individually  optimise 
with  e>:panslon  ratios  of  400  or  higher.  A  comon  nodule  defined  fro* 
the  250K  study  with  an  expansion  ratio  of  250  and  stage  matching  these 
cases  would  yield  more  than  25CK  thrust  if  used  with  a  400  expansion 
ratio  notzle.  However,  it  is  of  interest  to  consider  the  effects  and 
possible  gains  for  this  procedure.  The  expansion  ratio  optimization 
curves  are  provided  in  figures  46  and  54  for  Cases  2  and  6,  respectively. 

A  corplete  sun.-j-y  of  the  perforrjnce  of  these  cases  is  given  In  table  XIX, 
Performance  Index  of  Case  2  would  be  Improved  1 .SZ  and  Case  6  2.2Z  by 
increasing  the  expansion  ratio  from  250  of  the  common  modu’e  to  an  expan- 
slon  ratio  of  400. 

(C)  Cases  2  and  6  for  the  3S0K  study  were  also  optimized  at  the  higher 
expansion  ratio.  The  effect  of  increasing  the  expansion  ratio  of  300  for 
the  con-on  ntxlule  to  400  Is  shown  In  figures  71  and  79  and  la  0.7X 
Improveme'nt  for  Case  2  and  1.2X  for  Case  6. 
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(C)  Table  XV'II.  Performance  Indei  (W  ) 


1 

Caae  2 

Cate  3 

Case  4 

Cate  5 

Cate  4 

Performance  Index  (U  ) 
Expansion  Ratio 

Mixture  Ratio 

240,700 

50 

5.5 

67,100 

400 

6.0 

46,300 

105 

5.75 

317,000 

35 

5.75 

80,850 

200 

6.44 

40,200 

400 

6.72 

Each  Caae  With  250K  Vacuan  Thrust  Englne(s) 


(U)  Table  XVIII.  Cor^ariacn  of  Inillvldual  Engines 
and  Common  Module 


Case 

Performance 
Individual 
250K  Engines 

Index  (Uj),  lb 
Common 

Module 

1 

240,700 

235,600 

2 

67,100 

66,350 

3 

46,300 

45,180 

4 

317,000 

306,100 

5 

80,850 

80,850 

6 

40,200 

39,350 

(C)  Table  XIX,  Stage  Matching  of  Cases  2  and  ( 
Common  Module  ■  250) 


Case 

2 

Case 

6 

Common 

rtage 

Common 

Stage 

Module 

Matching 

Module 

Matching 

Performance  Index  (W^^) 

66,350 

67,150 

39,350 

40,200 

Vacuum  Thrust  (lb) 

250,000 

252,400 

250,000 

252,900 

Engine  Module  Size 

250 

250 

250 

250 

Expansion  Ratio, 

250 

400 

250 

400 

Mixture  Ratio,  r 

5.9 

6.03 

6.7 

6.76 

3.  Single  Upper  Stage  Exhaust  Noasle 


(U)  The  optlalzatlon  technique  used  to  generate  the  data  presented  In 
this  report  vas  to  sum  the  performance  of  all  six  vehicle  cases,  choose 
a  common  module  size,  and  optimize  expansion  ratio  for  each  case  for 
highest  case  performance.  The  comparative  performance  obtained  using 
this  technique  vas  shovn  on  Bar  Ko.  2,  figure  3.  This  technique  produces 
almost  Identical  summed  performance  to  the  original  technique  outlined  In 
the  applications  package  and  shovn  as  Bar  Ko.  4  In  figure  3.  Here  the 
three  upper  stages  are  used  to  size  the  common  module.  Using  this  cotmaon 
module,  the  exhaust  nozzle  expansion  ratio  Is  matched  to  each  lower  stage 
requirement,  but  used  at  a  single  nozzle  expansion  ratio  engine  In  the 
upper  stages.  The  main  reason  for  selecting  the  technique  used  In  this 
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report  (Bar  No.  7,  figure  3)  was  that  It  balanced  upper  and  lover  atage 
requlreiseiits  better  and  also  that  lower  values  of  upper  stage  expansion 
ratio  could  be  used.  It  Is  of  Interest  to  evaluate  upper  stage  perfora* 
ance,  hivever,  using  the  sane  nozzle  expansion  ratio  In  all  three  stages. 
This  la  done  In  figure  119  for  the  250K  study  and  figure  120  for  the  3S0K 
study. 


0» 

f 


Figure  119.  Not.-aallzcd  Percent  Performance  OP  S7653 

Index  vs  Expansion  Ratio  for 
Cases  2,  S,  and  6,  2S0K  Module 


Figure  120.  Norcvillr.ed  Percent  Performance  OF  5763( 

index  vs  Expansion  Ratio  for 
Cases  2,  5,  and  6,  3S0K  Module 
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(U)  These  curves  show  su.med  perfornunce  (nurtralized  to  lOUX)  of  the 
three  upper  stages  versus  a  coition  expansion  ratio,  Tliis  expansion  ratio 
is  the  cu.iinon  ratio  of  all  three  stages  at  that  particular  point  on  the 
curve.  The  lOOX  level  Is  defined  as  the  summed  perfornancc  of  all  three 
stages  each  using  its  optirum  (and  possible  different)  expansion  ratio; 
this  has  previously  been  referred  to  as  stage  matched  performance. 

(C)  The  optinum  comon  expansion  ratio  for  the  250K  upper  stage  module 
it  400  and  is  0.6X  l<^'er  than  stage  r.atched  perfornance.  Tlie  optirum 
common  expansion  rat'o  for  the  350K  upper  stage  module  is  400  and  is 
approximately  O.IX  lower  than  stage  matched  performance. 
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SKCTION  VI 
INSTALUTION  STUDIES 


(U)  The  installation  weight  term  (Vl^)  in  the  Pe r f or :rji nc e  Index  (Wjj)  cal¬ 
culation  includes  the  weight  of  specified  engine  associated  cor4>onent*. 

The  installation  analysis  determined  the  Installed  weight  of  (1)  tlirust 
structure,  (2)  propellant  feed  lines,  (3)  heat  sliields,  (4)  pressurization 
systems,  (5)  failure  detection  systems,  and  (6)  thrust  vector  control  for 
each  of  the  13  cases  studied.  The  weights  determined  by  this  analysis  and 
a  substantiating  discussion  for  each  case  is  provided  in  this  section. 

To  permit  optimization  of  the  engine  installation,  the  weight  analysis  was 
perfcrmed  paran.e trl cal ly  as  a  function  of  the  engine  mounting  location  for 
the  applicable  items.  Engine  mounting  locations  were  then  optimized  from 
the  Performance  Index  (W^)  calculations.  The  installation  dimensional 
nomenclature  is  shown  in  figure  89. 

A.  THRUST  STRUCTUW 

(U)  Thrust  structures  are  required  to  transmit  the  cnglne(s)  thrust  to 
the  specified  vehicle  thrust  loading  mcxint  in  each  of  the  cases. 

(U)  In  this  study  the  following  ground  rules  were  used: 

1.  Thrust  structures  designed  to  a  spring  constant  of  no  less 
than  2.0  x  106  Ib/ln. 

2.  Structures  independent  of  the  vehicle  mount  for  support 
(l.e.,  no  radial  restraint  required  of  the  vehicle 
attachment) . 

3.  Equally  distributed  axial  loads  to  be  transmitted  to 
vehicle  thrust  mounting. 

U.  Stress  limit  set  at  66. 7X  (1.50  factor  of  safety)  of  the 
materials  ultimate  strength. 

5.  The  five-engine  installation  of  Cases  1  and  3  mounted  In 

a  cruciform  arrangement  (l.e.,  one  on  vehicle  centerline). 

All  other  lower  stage  cases  have  engines  mounted  in  a  ring. 

6.  Engine  thrust  plus  lOX  used  for  thrust  structure  stress 
calculation. 

1.  2S0K  Module 

(U)  The  number  of  engines  and  tlie  supplied  vehicle  mount  for  each  of  the 
six  cases  using  the  2S0K  engine  module  Is  presented  in  the  following  list. 


UNCLASSIFIED 


* 


I 


( 

( 


Caie  Nuttibrr  of  Engine*  Supplied  Vehicle  Mount 


S  276-ln.  dimeter  ring 

1  204-ln,  diameter  ring 

S  312-ln.  diameter  ring 

8  270-ln.  diameter  ring 

2  Parallel  beans  192  Inches  apart 

1  Four  points  cornered  at  a 

132-ln.  by  108-ln.  rectangle 


(U)  Three  different  thrust  structure  designs,  all  using  a  cruclfora 
engine  Installation,  wore  evaluated  for  Cases  1  and  3.  All  of  the 
thrust  structure  configurations  studied  were  deflection  Ural  ted.  The 
naxlr.un  deflection  In  the  structure  occurs  at  the  irount  point  of  the 
engines  and  la  0.625  In.  for  Cases  1  and  3.  The  stiffness  of  each 
structural  m'lrber  va*  optimized  with  respect  to  the  total  structure 
weight,  and  the  basic  cone  angle  1*  optlcum  for  all  locations  and  each 
conflguratlrn. 

(U)  The  selected  mounting  scheme  for  Cases  1  and  3,  shown  In  figure  121, 
la  a  truncated  cone  within  a  truncated  cone  ttlth  crossbeam  stabilizing 
members.  In  thl*  design,  the  external  thrust  structure  shape  It  a 
truncated  cone,  which  la  formed  by  aluminum  trusses  reinforced  by  honey¬ 
comb.  The  four  outboard  engines  are  mounted  at  the  apex  of  the  alumlnu* 
trusses.  Part  of  the  radial  load  Is  reiooved  by  aluminum  crossheamis  at 
the  engine  end  of  the  thrust  structure.  In  addition,  these  crossbeams 
piovlde  cone  stabilization.  The  crossbeams  tie  the  outboard  engine*  to 
the  center  engine,  which  1*  mounted  at  the  Intersection  of  the  crossbeama. 
Additional  support  for  the  center  engine  is  piovlded  by  the  Inner  cone, 
which  transmits  the  engine  load  to  the  mount  flange.  Ring  stiffeners 
were  required  at  the  mount  flange  to  restrain  radial  deflection  and  permit 
only  axial  loads  to  be  transmitted  to  the  vehicle  mount  structure.  Tills 
structure  was  the  lightest  weight  of  the  three  configurations  studied. 

The  other  two  configurations  wore  (1)  a  truncated  cone  within  a. truncated 
cone  arrangement,  and  (2)  a  cone  crossbeam  arrangement. 


Figure  121. 


Tlirust  Structure  Sketch  for 
Cases  1  and  3 
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(U)  The  cone  within  a  cone  deiign  was  tlml  lar  to  the  selected  configura¬ 
tion  hut  did  not  have  the  lower  support  beam.  The  thrust  of  the  four 
outboard  engines  was  trsnsmltted  to  the  vehicle  by  the  outer  cine  and 
the  inboard  engine  thrust  was  tiansmitted  through  the  inner  cone.  Each 
cone  was  sized  independently  for  a  spring  constant  of  2  x  10^  Ib/ln. 

The  cone  crossbeam  ar rangemont  was  also  similar  to  the  selected  design 
but  did  not  liave  the  inner  cone.  The  thrust  of  all  five  engines  waa 
transmitted  to  the  vehicle  through  the  tingle  cone.  Both  of  these  con¬ 
figurations  were  appreciably  heavier  than  the  selected  design, 

(U)  The  parametric  weight  data,  based  on  the  designs  for  Cases  1  and  3, 
are  presented  in  figures  122  and  123,  respectively.  Mount  height  is 
defined  as  the  distance  iron,  the  vehicle  attachment  to  the  engine  mount 
p.ane.  As  the  mount  ring  dla'-efer  is  increased  less  bending  loads  are 
imposed,  allcrvii'.g  a  lighter  structure. 

(U)  The  thrust  structure  for  Case  2,  shown  in  figure  124i,  consists  of  an 
aluminum-tapered  disk-bean  bending  member,  truncated  cone,  stiffening 
ring,  and  the  necessary  mounting  hardware.  The  disk-beam  transmits  the 
thrust  loads  radially  from  the  single  cn.^lne  to  the  cone  base.  The  disk- 
beam  is  composed  of  a  tensile-loaded  top  plate,  comioressf ve-loaded  bottom 
plate,  and  shear  carrying  vebt.  This  construction  technique  transmits  the 
load  unlfornly  into  the  cone  while  allowing  beam  stability  with  thin  mea- 
bers.  The  cone  carries  the  thrust  load  from  the  outer  periphery  of  the 
disk-beam  member  of  the  vehicle  thrust  ring.  A  skln-strlnger  construction 
was  selected  for  the  cone  to  provide  s  lightweight  compression  member.  A 
stiffening  ring  and  mounting  flange  are  required  at  the  vehicle  end  of 
the  cone  to  prevent  radial  deflection  and  to  trrnsnlt  a  uniformly  dlstrlb* 
uted  axial  load  to  the  vehicle  thrust  ring.  Boron  filament  winding  it 
used  for  the  restraining  ring  material  because  of  its  high  modulus-to- 
density  ratio.  The  cone  angle  was  optimized  lor  each  engine  location. 

The  parametric  weight  data  based  on  this  design  are  shown  in  figure  123 
at  a  function  of  engine  mount  height.  The  dominating  factor  in  sizing 
the  structure  was  the  deflection  restraint  set  by  the  2.0  x  10^  Ib/in. 
spring  constant.  The  maximum  deflection  le  0.125  in.  and  occurs  at  the 
engine  mount  point  of  the  dlsk-beoB. 

(U)  Mounting  hardware  Includes  (1)  a  section  to  distribute  the  thrust 
loading  at  the  disk  center,  (2)  increased  structure  thickness  at  pro¬ 
pellant  line  and  gimbal  actuator  cutouts,  and  (3)  stiffening  webs  for 
tlelng  the  disk-beam  into  the  cone. 
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(U)  The  thrust  structure  for  Case  4,  stown  in  figure  126, is  a  cone-beaa 
coirh  Inst  Ion.  The  thrust  structure  Is  the  shape  of  a  truncated  cone, 
which  is  formed  by  aluiainua  trusses  reinforced  by  honeycoa6.  The  eight 
engines  are  counted  at  the  apex  of  the  aluminum  trusses.  The  engines 
are  tied  together  by  lesca  that  extend  radially  from  the  vehicle  center* 
line  to  each  engine  mount  point.  For  the  few  axial  positions  where  the 
tank  prevents  this  arrangeinent ,  the  beams  are  attached  to  each  engine 
mount  position  to  form  an  octagon.  This  crossbeam  arrangement  was 
approxinately  6%  lighter  than  a  configuration  using  only  the  engine  mount 
ring  as  the  cone  base.  The  structure  for  Case  4  was  either  stress 
limited  or  deflection  limited  depending  on  the  engine  mxiuntlng  location 
(axial  and  radial  distance  relative  to  the  main  vehicle  mount  ring).  For 
the  optliTum  location  determined  from  the  installation  study,  the  maxlnun 
deflection  it  less  than  the  allowable  of  1.0  in.  The  parametric  weight 
data  based  on  this  design  are  shown  in  figure  127  as  a  function  of 
engine  mount  height. 

(U)  The  dominating  factor  in  sizing  the  thrust  structure  for  Cases  5  and 
6  was  the  dofloctio.i  restraint  set  by  the  2.0  x  10^  Ib/ln.  spring  constant*. 
The  Rvaxlcum  deflection  occurring  In  the  structure  is  0.12S  In.  at  the 
engine  mounting  point  for  both  Cases  5  and  6.  Cate  S  has  two  engines, 
however,  each  engine  has  sn  Independent  thrust  structure.  The  structures 
consist  of  slumlnum  bending,  compressive  snd  tension  merbert,  shesr  webs, 
snd  mounting  hardware.  Weights  have  been  optimized  at  each  height  to 
obtain  the  most  advantageous  combination  of  bending  and  compressive  members. 


Figure  126.  Thrust  Structure  Sketch 
for  Case  4 


126 

OnClASSIFIED 


FD  2(;''S2,*. 


U;;CLASSIFIED 


1 


Figure  127.  Thrust  Structure  Weight  DF  SS635 

vs  Mount  Height  for  Csse  4, 

25GK  Module 

(U)  The  selected  thrust  structure  for  Case  5  Is  shown  In  figure  128  and 
for  Case  6  In  figure  129.  The  structures  are  sir.llar  and  consist  of 
aluminum  tapered  beam  bending  nembera,  columns,  honeycomb  sheets,  tension 
rerbers,  and  mounting  hardware.  The  tapered  crossbeams  transmit  the 
thrust  load  to  the  columns  at  the  bean  ends.  The  columns  transfer  the 
thrust  load  to  the  vehicle  mount  points.  Tensl''n  members  are  used  to 
absorb  side  loads  and  to  transmit  the  engine  thrust  to  the  vehicle  In 
the  axial  direction  only.  Honeycomb  webs  are  used  between  the  columna 
to  provide  shear  stiffness  during  engine  glrballng.  The  parametric 
thrust  structure  weights  based  on  this  design  are  sliown  In  figures  130 
and  131  for  Cases  5  and  6,  respectively. 
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2.  3S0K  MmIuI* 


(U)  The  nut7i>er  of  engine*  and  the  aupplled  vehicle  nount  for  each  of  the 
(lx  case*  ualng  the  3S0K  i-nglne  module  la  pretented  In  the  follovlng  Hat. 


Caae  Number  of  Englnea 


Supplied  Vehicle  Hount 


4 

1 

4 

6 

1 

1 


288>ln.  diameter  ring 
328-ln.  diameter  ring 
324-ln.  diameter  ring 
276>ln.  diameter  ring 
Parallel  beama  168>lnche*  apart 
Four  polnta  cornered  at  a  120*ln. 
by  148-ln.  rectangle. 


(U)  The  lower  atage  caiea  (Caaea  1,  3,  and  4)  using  the  3S0K  engine 
nodule  differ  from  the  2S0K  cases  In  vehicle  mount  dlaneter,  stage  thruat, 
allowable  deflection,  and  number  of  engine*.  Because  350F  cates  do  net 
use  the  cruciform  engine  arrangement,  the  selected  thrust  structure  con¬ 
cept  la  a  truncated  cone  with  crossbeam*  similar  to  the  2S0K  Cate  4. 
previously  described.  Where  structure*  were  aired  by  the  spring  constant 
(2.0  X  10°  Ib/ln.)  limit,  the  atlffnesa  of  each  nember  was  optimized  with 
respect  to  the  total  structure  weight.  The  specified  spring  constant 
sized  the  structure  for  Cases  1  and  3  ^nd  resulted  In  a  raxlmuo  deflectloi 
of  0.700  in.  at  the  engine  mounting  point.  Cate  4  vs*  both  stress  and 
deflection  limited  depending  on  the  mounting  location.  For  the  selected 
location  the  maximum  deflection  la  less  than  the  allowable  of  l.OS  In. 

The  parametric  thrust  structure  weights  calculated  for  the  lower  atage 
cases  are  shown  In  figures  132,  133,  and  134  for  Case*  1,  3*  and  4, 
respectively. 


(U)  The  330lt  engine  thrust  structure  designs  are  similar  to  the  250K 
designs  for  the  upper  stage  configurations.  The  vehicle  mount  dimensions, 
stage  thrust,  and  allowable  deflection  are  the  major  differences  between 
the  two  studies.  Both  Cases  2  and  6  use  the  respective  thrust  structure 
design  selected  for  the  2S0K  module  analysis  previously  discussed.  The 
parametric  thrust  structure  weights  for  Cases  2  and  6  are  shown  in  fig¬ 
ures  135  and  136.  These  structure  designs  are  controlled  by  the 
2.0  X  10^  Ib/ln.  spring  constant  and  result  In  a  maximum  deflection  of 
0,175  In.  at  the  engine  mount  point.  • 

(U)  Because  Case  5  It  a  tingle  350K  module  Installation,  the  250K  Caae  6 
design  was  modified  to  transmit  Che  thrust  load  to  the  parallel  beaat 
of  Case  5.  The  parametric  thrust  structure  weights  are  shwn  In  fig¬ 
ure  137  for  Case  5.  The  structure  la  also  deflection  Halted  and  results 
In  a  maximum  deflection  of  0,175  In.  at  the  engine  mounting  point. 
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(U)  For  ihe  analysis  of  the  requited  thrukt  ktructute  the  following 
material  pioperties  were  used. 

Alumlnua: 

Ultimate  strength 
Safety  factor 
Modulus  of  elasticity 
Density 

Boran  filaments: 

Ultimate  strength 
Safety  factor  * 

Modulus  of  elasticity 
Density 

B.  PROPELLANT  FEED  LINES 

(U)  The  feed  lines  provide  the  propellant  passage  from  the  specified 
tank  discharge  location  of  each  application  case  to  the  engina  fuel  and 
oxidizer  Inducer  inlets. 

(U)  The  components  considered  In  the  propellant  feed  line  weights  arc 
(1)  the  propellant  line,  (2)  vacuum  Jacket,  (3)  an  omnidirectional 
bellow  (provided  at  the  Inducer  inlet  to  accoirmodate  engine  glmballng), 

(4)  flexible  Joints  (for  expansion  and  relative  movement  between  feed 
line  and  attach  structure),  (S)  a  diffuser  (transition  from  propellant 
line  diameter  to  larger  Inducer  Inlet  diameter),  (6)  the  required 
attaching  flanges,  and  (7)  Teflon  standoffs.  Tliese  are  shown  in  fig* 
ure  138.  Stiffeners  were  Integrated  Into  the  vacuum  Jacket  line.  The 
stiffeners  used  are  circumferential  ridges  around  the  vacuum  Jacket. 

The  stiffeners  and  standoffs  were  used  to  maintain  Jacket  Integrity. 

(U)  A  computer  program  was  used  to  calculate  feed  line  weight  and  pres* 
sure  drop  as  a  function  of  engine  mount  height  (distance  from  the  vehicle 
thrust  mount  to  the  engine  mount  plane)  and  *’he  outboard  engine  global 
point  (lower  stage  cases)  for  various  line  sizes.  The  program  determines 
the  line  routing  and  length  for  the  constraints  of  each  installation  case. 
The  pressure  drop  calculation  Includes  the  effect  of  friction,  line  dlraen* 
slons,  elbows,  bellows,  and  diffuser.  According  to  the  specified  ground 
rules,  only  the  steady-state  pressure  loss  was  considered.  The  line 
weights  were  determined  for  stainless  steel  vacuum  Jacketed  lines  and 
components. 

1 .  2jOK  Module 

(U)  The  line  sizes  were  selected  for  the  250K  cases  on  the  basis  of  In¬ 
stallation  and  pressure  drop  considerations.  Table  XX  summarizes  the 
propellant  feed  line  sizes  selected  for  the  Installation  optimizations. 


68,000  Ib/psl 
1.5 

10  X  10^  psl 
0.101  Ib/ln. 


150,000  Ib/psl 
1.5 

39.0  X  10*  Psl 
0.071  Ib/lnf 
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Figure  138.  Typical  Sketch  of  Feed  Line  FD  20095A 


(U)  Table  XX.  250K  Module  Propellant 
Feed  Line  Sizes 


Case 

Line  Size 
Oxygen 

(ID),  In. 

Hydrogen 

1 

8.5 

8.0 

2 

6.0 

8.0 

3 

8.5 

8.0 

4 

8.5 

8.0 

5 

8.5 

•8.0 

6 

8.0 

8.0 

(C)  The  larger  oxygen  line  sizes  for  Case  5  was  required  because  of 
increased  line  bends  and  increased  pressure  loss  resulting  froa  locating 
the  engine  between  the  propellant  tanks.  Eight- inch  oxygen  lines  for 
Cases  2  a.id  6  resulted  froa  the  low  pressure  drop  associated  with  the 
relatively  straight  and  short  line  allowed  by  the  installations.  The 
oxygen  line  size  for  Cases  1  and  3  was  dominated  by  the  pressure  loss 
of  the  center  engine.  Conversely,  the  hydrogen  line  size  wrs  bated  on 
the  outboard  engine  requirements.  For  the  above  selected  line  sizes, 
the  feed  line  pressure  drop  between  the  vehicle  interface  and  the  engine 
inlet  does  not  exceed  the  specified  steady- state  pressure  drop  of  3,0  psl 
for  the  hydrogen  lines  and  2.5  psl  for  the  oxygen  lines.  Maximum  prts- 
sure  was  determined  using  flow  rates  at  a  mixture  ratio  of  S.O  for  the 
hydrogen  and  7.0  for  the  oxygen  for  all  locations. 
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(U)  The  feed  line  weights  were  calculated  by  using  the  S-Il  stage  as  the 
base  point  (0.033- Inch  thickness  at  a  10-lnch  line  dlanieter).  This  base 
point  was  used  to  Include  the  effects  of  vibration  and  Installation 
loading  Into  the  line  weights.  The  resulting  feed  line  wall  thickness 
was  0.026  inch  for  the  8.0- Inch  lines  and  0.028  Inch  for  the  B.5-lnch 
lines.  The  vacuum  Jacket  thickness  was  held  constant  at  0.016  Inch,  lbs 
0.016- Inch  vacuum  Jacket  thickness  was  assumed  to  be  the  minimum  gage  for 
ease  of  handling  and  Installation.  The  stiffener  spacing  was  varied  with 
line  size  to  withstand  the  collapse  loads. 

(U)  Feed  line  weights  are  sl.own  In  figures  139  and  140  for  the  upper  stage 
vehicle  (Cases  2,  S,  and  6)  as  a  function  of  engine  mount  height.  In 
Case  5,  the  between  tank  mounting  results  in  decreased  line  length  as 
mount  height  is  Increased.  Figures  141  through  143  indicate  the  weight 
for  the  lower  stages  as  a  function  of  engine  mount  height  and  outboard 
engine  glmbal  point  radius.  The  parametric  range  shown  for  each  case 
Includes  the  limitations  Imposed  by  (1)  propellant  tank,  (2)  skirt  clear* 
ance  requltements ,  and  (3)  engine  envelope  restrictions.  Clearance  for 
the  engine  was  determined  by  considering  a  naxlmua  glmbal  position  (7  degree 
glmbal  angle).  For  the  multiple  engine  Installation,  envelopes  were  coa* 
puted  separately  by  considering  a  1  7  degree  axis  for  each  engine  Individ* 
ually. 

2.  3S0K  Module 

(U)  The  propellant  feed  line  parametric  weight  analysis  for  the  350IC  cases 
was  based  on  requirements  similar  to  those  discussed  for  the  250K  cases. 

The  computer  program  used  to  determine  the  weight  and  pressure  drop  as  a 
function  of  engine  mount  height  and  engine  glmbal  radius  was  modified 
for  the  350K  module  application  cases. 


Figure  139.  Hydrogen  Feed  Line  V.'eights,  DF  54874 

250K  Module  Upper  Stages 
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Figure  140.  Oxygen  Feed  Line  Weight*, 

DF  54875 

250K  Module  Upper  Stage* 

•MV*  «IC«  • 

Figure  141.  Case  1  Feed  Line  Weight*, 

2S0K  .Module 

DF  54876 
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Figure  142.  Case  3  Feed  Line  Weight*,  DF  54B77 

250X  Module 


) 


Figure  143. 


Case  4  Feed  Line  Weights, 
2S0K  Module 


DF  54B7S 
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(U)  Feed  line  dlaaeteri  were  telrcCed  for  each  cere  on  the  beti*  of  in- 
itallatlon  xnd  pressure  loss  i ons idr ra t ion ,  Table  XXI  surttoarizcs  the 
propellant  line  selected  size*. 


(U)  Table  XXI.  350K  Module  Propellant 
Feed  Line  Size* 


Case 

Line  Size 

(ID),  in. 

Fuel 

Oxygen 

1 

9.5 

10.0 

2 

9.5 

9.5 

3 

9.5 

10.0 

4 

9.5 

10.5 

5 

9.5 

9.5 

6 

9.5 

9.5 

(C)  For  the  selected  line  size,  the  a3xi!T:u:s  pressure  loss  between  the 
propellant  tank  outlet  and  the  engine  inlet  docs  not  exceed  the  specified 
steadystate  pressure  loss  of  3.0  psi  for  the  hydrogen  line  and  2.5  psi 
for  the  oxygen  lines.  Pressure  loss  was  calculated  by  using  a  flow  rate 
consistent  with  olxture  ratios  of  5.0  for  the  hydrogen  and  7.0  for  the 
oxygen.  The  prlnary  loss  was  deterslred  for  all  of  the  engine  raounting 
positions  and  the  selected  line  size  -‘as  based  on  the  worst  condition. 

(U)  Propellant  feed  line  weights  are  shown  in  figures  144  and  145  for 
the  upper  stage  vehicles  (Cases  2,  5,  and  6}  as  a  function  of  engine 
oount  height.  Case  5  has  two  hydrogen  tanks  and,  therefore,  fao  hydrogen 
outlets  that  are  located  at  considerable  distance  (approximately  14  ft) 
from  the  engine  mounting  point.  This  results  in  the  relatively  heavy 
hydrogen  feed  line  weights  shown  in  figure  144  for  the  350K  module 
installation.  Figures  146  through  151  shemw  the  feed  line  weights  for  the 
lower  stage  cases  (Cases  1,  3,  and  4}  as  a  function  of  engine  mount  height 
and  engine  gimbal  po.nt  radius.  The  parametric  range  shown  for  each  cate 
includes  the  limitations  imposed  by  (1)  the  propellant  tank,  (2)  skirt 
clearance  requirements,  and  (3)  engine  envelope  requirements.  The  weight 
includes  tlie  components  shown  in  figure  148. 

(U)  Using  the  same  ground  rules  as  discussed  for  the  250K  module,  the 
wall  thickness  was  0.031  in.  for  the  9.5'ln.  line,  0.037  in.  for  the  10.0  in 
line,  and  0.033  in.  for  the  lO.S'ln.  line. 

C.  HEAT  SHIELD 

(U)  A  heat  shield  is  required  on  the  lower  stages  (Cases  1,  3,  and  4)  to 
protect  the  vehicle  from  recirculated  exhaust  gases.  The  heat  shield 
must  withstand  base  pressure  loading  of  1  1  psi  and  limit  the  engine 
compartment  temperature  to  less  than  960  B. 


i. 
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Figure  144.  Hydrogen  Feed  Line  Weight*,  DF  57131 

350K  Module  Upper  Stage* 


Figure  145.  Oxygen  Feed  Line  Weight*,  DF  57132 

350K  Module  Upper  Stage* 
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Figure  U7.  Case  1  Oxygen  Feed  Line  Weight • 
3S0K  Kodul* 


DF  57134 


* 
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Figure  148.  Case  3  Hydrogen  Feed  Line  Weight* 
350K  Module 


Figure  149.  Case  3  Oxygen  Feed  Line  Weights 
3S0K  Module 


DF  37136 
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(U)  The  heat  shield  was  muunted  at  Che  engine  and  coTipleCely  enclosed 
the  vehicle  base  by  extending  to  the  vehicle  fairing,  f-ase  pressure 
loading  of  f  1  psi  was  carried  by  alunir.ufn  Somycomb,  supported  by 
aluralnu.a  bea.as  tied  by  a  structural  cieitber  into  tlie  rain  tlirust  structure. 
Allivable  stress  in  the  honevconb  and  structure  supports  was  based  on  an 
operating  temperature  of  bbO  R.  A  therral  protection  barrier  of  approxi¬ 
mately  l.b  inches  of  silica  fiber  insulation  protects  the  load  carrying 
honeycomb  from  the  thermal  environment.  The  insulation  was  sized,  based 
on  the  results  of  a  detailed  transient  heat  transfer  analysis  of  the 
complete  heat  shield  structure,  to  prevent  the  aluminum  honeycomb  frore 
exceeding  its  design  temperature  during  the  vehicle  boost. 

(U)  Base  heating  is  caused  by  both  convective  and  radiative  heat  transfer 
modes  and  is  a  function  of  altitude.  Because  of  the  complex  configuration 
and  enviroruo-nt  around  the  base  of  a  multiengine  vehicle,  a  purely  theo¬ 
retical  analysis  of  base  heiting  is  not  satisfactory.  Tlierefore,  the 
heating  environment  to  be  used  In  the  design  of  a  base  heat  shield  is 
generally  obtained  through  model  tests,  and  empirical  relations  de"elopcd 
through  experience.  The  heating  environment  used  in  this  analysis  (fig¬ 
ure  152)  was  obtained  froia  flight  and  model  test  experience  for  the  S-IV, 
S-II,  and  S-IB  stages.  The  base  heating  rate  varied  from  31  Btu/ft^  sec 
at  sea  level  to  6  Btu/ft^  see  at  altitude.  The  exhaust  gas  recovery 
temperature  was  3250  R  and  constant  with  altitude. 

(U)  The  transient  calculations  were  performed  by  the  numerical  finite 
difference  method  for  the  thermal  model  shown  in  figure  153.  Because 
the  heat  shield  diameter  1$  quite  large  compared  to  its  thickness,  the 
heat  shield  was  handled  at  an  infinite  plate  (l.e.,  temperature  Is  only 
a  function  of  thickness). 

(U)  The  initial  and  convective  boundary  conditions  were  as  follows: 

1.  Hot-side  heating  environment  as  function  of  tia«  . 

2.  Surface  radiation  as  function  of  surface  temperature 

3.  Cold  side  -  free  convection  h  •  2.5  Btu/ft^  hr  *1 

A.  Heat  shield  temperature  at  the  start  of  stage  operation 
uniform  at  5A0*R. 

(U)  The  insulation  used  is  composed  of  99X  pure  silica  fiber,  has  • 
density  of  approximately  4.5  Ib/ft^  and  will  withstand  steady-state 
temperatures  of  3200*R  and  up  to  34  50*R  for  transients.  The  thermal 
conductivity  for  this  material  Is  a  function  of  temperature  end  varies 
in  values  from  0.5  Btu  in./ft^  lb  *R  at  1000*R  to  1.5  Btu  in./ft^  lb  *E 
at  2500  •*. 

(U)  A  weight  breakdevn  of  the  main  heat  shield  components  is  provided  in 
table  XXII  for  the  250K  cases.  In  all  cases,  the  hd*-  shield  extends  to 
the  vehicle  fairing.  The  total  heat  shield  weight  a  function  of  radius 
is  shown  in  figure  154.  Figure  154  applies  to  both  '’‘vX  and  350R  c.ases 
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bfCduse  jn  allcvdiice  for  the  engine  lirculdr  cut-out  wak  not  subtracted 
from  the  weight.  Due  to  the  longer  bum  ti:ne  of  Case  3,  Increased  Intu* 
latlon  thickness  is  required  and  therefote  results  In  a  slight  increase 
in  weight  as  shown  in  figure  15<i. 
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Figure  1S2.  Estlraated  Heat  Shield 
Temperature  History 
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(U) 

Table  XXll. 

Heat  Shield  Weight* 

Ca&e 

Total , 

Huntycomb  , 

Mounting, 

1  nsula  t  ion , 

lb 

lb 

lb 

lb 

1 

760 

325 

163 

270 

3 

1012 

415 

183 

412 

4 

722 

312 

162 

246 

*Heat  shield 

radiui  equal 

to  vehicle  radlua. 

Voa*  ^ 


leaiitm  DlmraiiM  Miteriil 

A  Ai  Requlni  J-M  Dyna  •  9u«fk 

■  0.030  fat  Ahiminua 

C  O2S0  fat  Abmirum  Hemycaat 

D  0030  tat  AKainta 

Figure  153.  Thermal  Model  for  Transient  FD  21494 

Calculation! 
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Figure  154.  Heat  Shield  Weight  for 
Cases  1,  3,  and  4 

D.  PRESSURIZATION  SYSTEM 

(U)  The  engine  associated  weight  of  a  propellant  tank  pressurization 
system  Is  required  as  part  of  .;he  Installation  weight  term  (W^)  of  the 
Performance  Index  Calculation  •  The  pressurization  systems  utilized 
In  the  Saturn  S>1V,  S-IVB,  S-11,  and  MS-11  vehicles  were  reviewed.  This 
review  Indicated  the  desirability  of  using  gaseous  hydrogen  and  gaseous 
oxygen  as  pressurants. 

(U)  The  pressurization  selected  for  all  of  the  application  cases  was 
engine  supplied  gaseous  hydrogen  and  gaseous  oxygen  obtained  from  an 
engine  supplied  heat  exchanger.  In  accordance  with  the  supplied  Appli¬ 
cations  Package  (Appendix  1)  the  weight  estimates  used  In  tht  Wx  equation 
are  engine  associated  hardware  only.  Plumbing  was  Included  to  deliver  the 
pressutants  to  a  vehicle  Interface  defined  as  the  main  vehicle  structure 
ring. 
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1.  2iOK  Module 

(U)  The  required  preeiurant  flow  rates  from  each  engine  for  the  pro¬ 
pellant  tank  pressurization  system  selected  are  shown  In  figure  15}  as 
a  function  of  Che  gas  supply  temperature.  These  values  were  dctc'.mlned 
for  collapse  factors  of  three  for  hydrogen  and  two  for  oxygen.  The 
required  gaseous  hvdrogen  was  considered  to  be  trapped  from  the  tran¬ 
spiration  supply  heat  exchanger.  The  temperature  available  at  this 
point  resulted  In  a  gaseous  hydrogen  flow  rate  of  0.85  Ib/scc  per  engine. 
The  required  gaseous  oxygen  Is  supplied  by  the  engine  through  an  engine 
mounted  heat  exchanger.  The  selected  heat  exchanger  configuration 
resulted  In  a  gaseous  oxygen  flow  rate  requirement  for  tank  pressur¬ 
ization  of  2.5  Ib/sec  p>^r  engine. 

(U)  Table  XXlll  summarizes  the  pressurization  system  weights  for  Cates  1 
through  6. 


Figure  155.  Pressuranc  Flow  Rate  vi.  Temperature,  DF  55702 
250K  Module 


(U)  Table  XXllZ.  Pressurization  Systee 
Weight,  250K  Module 


Case 

Total  Pressurization 

System  Weight, 
lb 

1 

154 

2 

24 

3 

151 

4 

25ft 

S 

4ft 

ft 

24 

Ut 
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(U)  The  prr  ii  sur  1  zaC  i  on  system  we  i  ght  s  ,  shown  In  table  XXlll,  inolude 
engine  associated  hardware  and  component  systems  only.  Ttie  weight  esti¬ 
mates  for  the  lower  stages  Include  manifolds  and  the  necessary  plumbing 
to  aicorruiodate  the  multiple  engine  applications  (Cases  1,  3,  and  4). 

(\J)  The  engine  associated  hydrogen  system  is  composed  of  (1)  a  throttling 
and  shutoff  valve,  and  (2)  the  necessary  plumbing  to  transport  the  gaseous 
hydrogen  from  the  engine  extraction  point  to  the  vehicle  interface,  which 
was  considered  to  be  the  thrust  structure  mount  point.  Line  and  valve 
sizes  were  based  on  the  selected  hydrogen  flow  rate  of  0.85  Ib/scc.  An 
acceptable  gaseous  hydrogen  flow  velocity  was  used  to  deter.mlne  the  single 
engine  line  size  (1.250-lnch  ID). 

(U)  The  engine  associated  oxygen  system  Is  composed  of  (I)  a  shutoff  valve, 
(2)  throttling  and  shutoff  valve,  and  (3)  an  engine  mounted  beat  exchanger 
and  required  plu.mblng.  Caseous  oxygen  lines  and  valves  were  sized  for  a 
flow  rate  of  2.5  Ib/sec. 

(U)  Fo'  the  lower  stage  applications  (Cases  1,  3,  ^.nd  4),  pressurant  for 
each  propellant  tank  is  delivered  by  a  main  pressurant  line,  running 
from  a  manifold  located  near  the  gimbal  mount  plane  to  the  vehicle-engine 
interface.  For  the  lower  stages  the  pressurization  system  weights  shown 
in  table  XXlll  include  manifolds  and  main  pressurant  lines  as  well  as 
those  co.nponcnts  previously  outlined. 

(U)  A  heat  transfer  analysis  was  performed  to  estimate  the  required  heat 
exchanger  configuration.  The  heat  exchanger  was  considered  to  be  located 
in  the  prebumer  transition  case  Just  upstream  of  the  main  injector.  Tlie 
pressurization  flow  was  taken  from  the  engit.e  at  the  oxidizer  injector 
Inlet  where  the  pressure  and  temperature  are  approx  mately  3500  pslt  and 
200*R.  Stress  limits  of  the  tubular  heat  exchanger  were  established  by 
dry  ope-itlon.  The  pressurization  flow  rate  studied  varied  from  2  to 
6  Ib/sec.  The  heat  exchanger  area  did  not  vary  significantly  with 
pressurant  flow  rate,  the  heat  exchanger  weight  was  relatively  insensitive 
to  this  para.meter.  Because  the  prcssarizatlon  flow  is  obtained  from  the 
injector  inlet  at  high  pressure,  a  thrortle  valve  must  be  placed  in  the 
system  to  reduce  the  pressure  of  the  oxyg«*n  before  it  can  be  used  for 
pressurization.  Considering  the  effect  of  the  pressure  level  on  thermo¬ 
dynamic  and  transport  properties  of  the  oxygen,  It  was  determined  that 
the  optimum  location  for  the  throttle  valve  was  downstream  of  the  heat 
exchanger.  For  a  given  bulk  pressurant  velocity,  the  net  heat  input  to 
the  oxygen  for  an  exchanger  operating  at  3500  psia  is  '.wice  that  at 
400  psia.  The  strong  Influence  of  pressure  level  on  transport  properties 
affects  the  increased  heat  strength  required  due  to  throttling  the  gaseous 
discharger. 

2.  3S0K  Module 

(U)  The  required  pressurant  flow  for  the  3S0K  module  cases  is  1.2  Ib/sec 
,  per  engine  for  the  fuel  system  and  3.5  Ib/sec  per  engine  for  the  oxygen 

sysrem.  Table  XXIV  suamatlzes  the  pressurization  system  weights  for 
Cases  1  through  6.  Tli*e  components  are  similar  to  those  discussed  for 
>  the  2S0K  module.  Line  sizes  were  established  by  obtaining  the  same  fluid 

velocity  and  wall  stress  as  the  250K  plumbing. 
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(U)  Tdblr  XXIV.  Pre* »urlM t ion  Syrtea 
Wright,  3SCiC  Htxiul* 


Case 

Total  Pressuri ra tlon 

System  Weight , 
lb 

1 

15'. 

2 

2» 

3 

150 

4 

236 

5 

21 

6 

28 

E.  FAILURE  DETECTION  SYSTEM 

(U)  The  engine  portion  of  the  failure  detection  aystcra  provides  the 
function  of  sensing  abnormal  engine  operation  by  measuring  the  appro¬ 
priate  temperatures,  pressures,  and  propellant  flow  rates.  A  review 
of  the  REAOI  study^  results  has  provided  a  basis  for  estimating  systea 
requirements  and  weighta. 

(U)  The  Weight  of  the  failure  detection  system  was  estimated  to  be 
55  pounds  per  engine.  The  system  weights  used  in  ':he  performance  index 
calculations  are  shown  in  table  XXV. 


(U)  Table  .  TV.  Failure  Detection  System  Weight* 


Cate 

250K  Module 

lb 

350K  Module, 
lb 

1 

275 

220 

2 

55 

55 

3 

275 

220 

4 

440 

330 

5 

no 

55 

6 

55 

55 

F.  THRUST  VECTOR  CONTROL  SYSTEM 

(U)  Mechanical  glnbal  and  secondary  gas  injection  systems  were  Inveatl* 
gated  for  the  thrust  vector  control.  The  comparison  of  these  two  system* 
(Section  V)  showed  the  secondary  injection  system  to  be  considerably 
heavier  than  a  mechanical  system.  The  system  requirement*  are  to  pro- 
vide  a  gimbal  angle  of  i  7  degree*,  an  angular  accclcretlon  of  30  rad/sec^ 
and  an  angular  velocity  of  30  dcg/sec.  A  review  of  current  operational 
systems  led  to  the  selection  of  a  hydraulic  mechanical  gimbal  tysten 
powered  by  an  engine  driven  hydraulic  pump. 


^"Rocket  Engine  Analyter  and  Decision  Instrumentation  (READI)  Investigation 
(Phase  I)",  Report  No.  CA-42S1-0160,  Sperry  Gyroscope  Co.,  December  1462. 
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(U)  Ttie  actudtum  ssstf™  consists  ol  two  s  o  r  vojt  t  iia  t  o  rs  ,  a  .Tialn  tiydraulic 
I'uiip,  an  accui.ula  t  or- rest' r  vol  t  ,  an  auxlllaiy  j.u'iji  and  motor,  and  the 
ni-cossary  fluid,  nlumtlng,  and  installation  haidwarr.  Tlx*  actuators 
prcs’ide  the  rccjuitcd  gimhal  force  and  supply  fosiiioii  ft-odhack  to  the 
closed-loop  V  hide  control.  T' t  actuator  position  is  controlled  by  a 
servovalve.  The  Tiain  hydraulic  pump  supplies  the  high  piessure  fluid 
(30C0  psia)  required  iy  the  actuators  and  is  driven  by  the  acce  sory 
pad  on  the  engine  fuel  boost  pump.  Tc  accumulat  or- rese  rvoi  r  piovidet 
smooth  system  operatlcn  by  preventir.g  (ressure  surges  and  r e ji  1  en t  i shea 
lost  fluid.  The  auxiliary  pump  and  niotor  provides  power  to  rmove  the 
engine  to  the  null  position  before  ignition  and  in  the  event  of  .main 
syste.m  failure.  Tlie  auxiliary  system  also  ieeps  the  fluid  warm  duilng 
extended  engine  shutdown  by  recirculating  the  fluid  through  the  system. 

(C)  The  engine  selected  for  the  TVC  analysis  has  a  two-position  nozzle 
with  an  area  ratio  of  18a.  This  size  engine  gives  a  representative  TVC 
weight  (or  both  the  lower  and  upper  stage  appliiadon  cases.  The  engine 
moment  of  inertia  about  the  glmbal  point  was  determined  with  the  nozzle 
in  the  extended  position.  Tlie  moment  of  inertia  values  determined  for 
the  study  engines  arc  shown  in  table  XXVI. 


(U)  Table  X-NVI .  Engine  Moment  of  Inertia 


Plana 

Mo:.U'nt  of  Inertia 
250K 

(slug/ft^) 

350K 

Roll  (1^^) 

215 

260 

Pitch*  (lyy) 

850 

1320 

Yaw  (l^j) 

870 

1355 

*Pltch  plane 
preburner. 

defined  in  direction  of 

(U)  The  Items  considered  In  sizing  the  system  was  the  force  required 
to,  (1)  accelerate  the  moment  of  Inertia  at  30  rad/sec^,  (2)  overcotue 
Inlet  bellows  and  glmbal  friction  resistance,  (3)  resist  forces  imposed 
by  external  acceleration  forces  and  thrust  misalignment.  The  spring 
rate  used  for  the  propellant  line  inlet  bellows  was  50C  Ib/in.  The 
oxygen  Inlet  bellows  centerline  distance  ftom  gimhal  axis  is  21.3  Inches 
for  the  250K  module  and  25.8  inches  for  the  33CK  module  and  the  fuel 
bellows  centerline  extends  23.8  inches  for  the  250K  module  and  28. A  inches 
for  the  350K  module.  The  glmbal  friction  calculations  were  based  on  a 
glmbal  ball  diameter  of  5  inches  for  tne  2S0K  module  and  7  inches  for 
the  350K  module.  The  coefficient  of  friction  for  the  g:.mbal  assembly 
was  0.1.  This  value  Is  representative  of  a  Beryllium-Copper  bearing 
insert  against  stainless  steel  with  HLF*5  dry  lubricant  (IVA  566).  TTic 
maximum  thrust  misalignment  of  0.1  inch  at  the  glmbal  axis  was  based  'D 
RLIO  experience.  The  maximum  instantareous  loads  during  op;^  ration  were 
considered  to  be  3  g'a  In  the  axial  direction  and  h  g's  In  the  lateral 
direction.  The  torque  required  to  offset  each  of  the  loads  described 
above  is  shown  in  table  XXVla. 
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(U)  T>ibl«  XXVll.  'Hirust  Vfctor  Control  Loads 


< 

Component 

Torque 

(in.  -  lb) 

t 

250K 

350X 

f 

J 

Cimbal  Acceleration 
(30  rad/scc2) 

314,000 

4  84,000 

• 

Inlet  Bellows 
(500  Ib/in.) 

46,500 

65,000 

Cimbal  Friction 

66,500 

130,000 

Acceleration  Loads 

412,000 

562,500 

thrust  Misalignment 

25,000 

35,000 

Total 

864,000 

1 ,276,500 

(U)  The  maxlraun  required  actuator  forces  are  33,400  Ibf  for  the  2S0lt 
module  and  44,600  Ibf  for  the  3SUK  module.  The  resulting  actuator 
piston  areas  were  11.2  In.  and  14.2  in?  for  the  230K  and  3S0K  engines, 
respectively. 

(U)  Tl\e  thrust  vector  control  weigl.ts  breakdown  is  shown  in  table  XXVlll. 
(U)  Table  .KXVlll.  Mechanic?  1  Clnlal  Weights,  lb 
Components  Engine  Site 


250K  350K 


Servoactuators  (2)  90  102 

Main  Pump  16  22 

Accumulator-Reservoir  75  88 

Auxiliary  Pump  and 

Motor  20  25 

Hydraulic  Fluid  18  25 

Plumbing  35  42 

Brackets  and  Mounts  30  30 

Electrical  Cables  6  6 

Total  790  340 


(U)  The  weight  values  were  determined  by  scaling  actuators  and  pumps 
from  available  literature.  The  hydraulic  fluid  was  determined  by  system 
volume  requirements  and  the  remaining  items  were  scaled  from  the  Advanced 
’  Saturn/AEB  studies.  Thu  total  TVC  weii-hts  used  in  the  installation 

studies  are  shown  in  table  XXIX.  Tliese  values  do  not  include  the  glmhal 
and  required  engine  beef-up  because  they  are  included  in  the  parametric 
engine  weights  in  sections. 
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a’j  Tablf  XXIX.  T\'C  Syitem  UVlghti,  lb 


Case 

250K 

350K 

1 

1450 

1360 

2 

290 

340 

3 

1450 

1360 

4 

2320 

2040 

5 

580 

340 

6 

290 

340 
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APPENDIX  1 

VEHICLE  APPLICATIONS  PACKAGE 


(U)  Ttie  250K  vehicle  nppllcaC  Ions  package  prepared  by  Aerospace  Corpora¬ 
tion  and  supplied  to  Pratt  &  Whitney  Aircraft  in  support  of  ttie  tiigh  per¬ 
formance  rocket  engine  program  it  reproduced  in  this  Appendix.  The  salient 
changes  to  the  2S0K  information  for  the  350K  application  study  are  also 
presented , 

A.  k'LHlCLE  APPLICATIO.SS  PACKAGE,  250K  MODULE 

(U)  The  250K  vehicle  applications  package  is  reprexiuerd  on  the  following 

pagea. 


CONFIQeUIAl 

(TK»|  it  Ufi<lottifi94) 


GOHHDEtjTIAL 


COlinOENTUl 


VEHICLE  APK.lCATtOSS  fACKACI 


Out*  prrptred  by  AESSO/Acrotpac*  Corporation, 
at  the  ra<)ucit  of  AFRPL,  in  aupport  >f  tho 
appllcatlona  atudy  portion  of  tha  High  Farforoanco 
Cryogenic  Rocket  Englna  ADF. 


Fraparad  by:  C,  R.  Bultdar 
V.  A.  ray 
N.  C.  Hlntoa 
R.  Kruagar 

Aaroapaca  Corporation;  El  Sagundo,  California 
Data;  Saptcabar  IBbS 
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COIinSEKTIAl 


(C)(U)  VEHICLE  ArrLICATlONS  PACKACI 
(0(0  TAILZ  or  CONTENTS 


t.O  IVTIUIDUCTIOa 

1.1  rurpot* 

1.2  Outline  of  Pjck<c*  Content* 

1.3  Cencrel  Cround  Rule* 


2.0  CASE  DESCRIPTIOHS 


2.1  Ceee  #1,  Expendeble  Firet  Stege  Rocket 

2.2  Ceee  42.  Expendeble  Second  Stege  Rocket 

2.3  Ceee  #3,  Expendeble  Single  Stege  to  Orbit  Rocket 
2. A  Ceee  #A,  Reco\creble  Firet  Stege  Rocket,  VTOHL 

2.5  Ceee  4S,  Rccovereble  Second  Stege  Rocket,  FUkebeck 

Conf iguretloa 

2.6  Ceee  46,  Rccovereble  Second  Stege  Rocket,  Tendca 

ConfiguretlOB 


3.0  IKSTRUCTIONS 

3.1  Engine*  end  Engine  Inetalletloo 

3.2  Fetrlnge  end  Intcretegc* 

3.3  Engine  Performance  Eatimate* 

3.6  Trajectory  Perfomance  Integration 

3.3  The  Calculation  of  the  Perfomance  Index 

6.0  TECHNICAL  DATA  ENCLOSIHES 

6.1  Inatallatlon  Dlagran* 

6.2  Engine  Inatallatlon  Data 

6.3  Velocity-Altitud*  Hietorie* 

6.6  Trajectory  Loe*  Pereneter* 

6.3  Burnout  Height  Correction  Factor* 

6.6  PerforuMnee  index  Equation  end  Conatant* 


COJiflDEMM 


l.O  (C)'U)  ISTIIODUCTICMI 
l.l  (U)  furpott 

Th»  pur^o.e  of  th«  ''A,''pl  Ic  at  lent  Packig*”  It  to  provldt  «  Man* 
tngful  bote  upon  uSlch  virlout  High  PtrforEanct  Cryogenic  Rochet  Engine  conerptt 
may  be  compared.  A  conalatent  and  worVable  tet  of  ground  rulet  hat  been 
established  In  this  package;  furtl.ennore .  a  number  of  different  vehicle 
concepts  have  been  chosen  to  illustrate  the  dlveralt;  of  potential  applicat Icxie. 

The  Infornatlon  and  use  Instructions  presented  in  this  package  have  been 
formulated  so  that:  (1)  the  contractor  must  face  many  vehicle  related  instal* 
latlon  problems  that  would  be  Involved  In  a  real  situation.  To  this  end, 
considerable  latitude  is  provided  In  the  design  of  engine  thrust  structure, 
propellant  ducting,  a..d  thruat  vector  control  schemes;  (2/  the  contrsetor  is  net 
overburdened  by  the  vehicle  design  and  performance  analysis  aspects  of  Che 
overall  problem,  but  yet  can  determine  a  meaningful  performance  Index.  There¬ 
fore,  trajectory  and  trajectory  loss  data,  along  with  appropriate  Instructiena, 
are  provided. 

1.2  (C}(U)  Outline  of  faeVaye  Contents  ’ 

1.2.1  Vehicle  Anpl icat Ions  Cases  (Section  2.01 

(C)  Six  different  vehicle  appllcatlona  cases  have  been  selected 
as  being  typical  for  Che  potential  application  of  High  Performance  Cryogenic 
Rocket  Engines.  They  aret 

Case  1:  Expendable  First  Stage  Rocket 

Case  2:  Expendable  Second  Stage  Rocket 

Case  3:  Expendable  Single  Stage  to  Orbit  Rocket 

Cate  4:  Recoverable  First  Stage  (RTOKL) 

Caae  3:  Recoverable  Second  Stage,  Pickaback  Corflguratloe 

Cate  6:  Recoverable  Second  Stage,  Tandeai  Configuratloa 

1.2.2  (U)  Instructiona  ere  provided  to  explain  the  ground  rules,  the 
use  of  data  presented,  and  the  computation  of  performance  indices.  Included  are: 

Engine  Installation  Instructions 

Fairing  and  Interstage  Inatructlons 

Inatructlona  on  Making  Engine  Perforaiance  EstlsMtea 

Instructiona  on  Trajectory  Integration 
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Initructiona  on  Chr  Calculation  of  Performance  Index 

1.2,3  (U)  Technical  Date  fnclosurex  (Section  4,0) 

Data  iieceaiary  to  perform  the  varioui  cooputat  ioni,  deaigni, 
etc.,  arc  included  in  this  section,  in  the  following  order: 

Installation  Diagrasu 

Engine  Inttallation  Da,.* 

Velocicy-Alcitudc  Htstorlca 

Trajectory  Lots  Paraawtera  . 

Burnout  Weight  Correction  Factors 
Performance  Index  Equation  and  Constanta 
1.3  (C)(U)  Ceneral  Ground  Rules 


The  following  ground  rules  and  definitions  are  general  and 
apply  to  all  of  the  six  vehicle  cstea  defined  in  this  package.  Data  pertaining 
to  specific  vehicles,  at  well  as  instructions  on  operational  items  and  calcul¬ 
ations,  will  be  given  Ister, 

1.3.1  (C)(U)  Engine  Module  Definition 

(U)  It  it  desired  to  use  the  tame  basic  engine  aodule 
in  sll  six  vehicle  cates;  however,  since  both  first  and  second  stage  cases  are 
considered,  Che  utilization  ui  an  identical  oodulc,  ''act  ts  the  board**  ia  not 
resllstlc.  In  this  Applications  Package,  the  engine  module  it  defined  to  ba 
the  upper  stage  module,  developing  230,000  pounds  (f)  of  thrust  at  vacuua 
conditions.  The  Contractor  will  select  a  tingle  nozzle  expansion  ratio  for  use 
in  the  three  upper  stage  applications  (cases  2.  3,  and  6),  and  will  then  detcrolna 
engine  flow  rata. 

This  enpine  flew  rate,  as  well  as  ruch  tiara  ieters  as  chamber  pressure,  MUST 
rcn.cin  const.int  for  all  tlx  vehicle  casc^  The  thrust  of  the  engine  modules  to 
be  used  in  the  first  stage  application,  will  then  be  determined  by  the  criteria 
in  the  next  paragraph. 

(U)  In  defining  the  first  stage  module,  the  Contractor  should  make  every 
effort  to  minimize  the  dlfferenccc  between  first  stage  and  upper  stage  englno 
module*.  It  is  anticipated  Chat  the  eventual  selection  of  the  best  englno 
oncept  will  be  made  on  the  b.asls  of  single  module  versatility,  as  well  as 
performance  factors.  Those  Contractors  proposing  engine  concepts  using  cylindrical 
or  conical  chnnhers  with  DeLaval  nozzles  should  select  appropriate  nozzle  expan¬ 
sion  ratios  for  each  of  the  three  first  stage  cases.  Module  thrust  levels  will 
be  determined  using  flow  rate  and  chamber  pressure  values  identical  to  tSo 
upper  stage  module.  Those  Contractors  proposing  engine  concepts  using  annular 


COtIFIDEiniAl 

15f 

GOiinDEtim 


CONFIDENTIAL 

COKHUZHTIAl 


chamberi  with  «croJyn«nlc  notilrg  ahould  u(*  the  sene  chanbet  noiilc  config¬ 
uration  aelrctcd  for  the  upper  atage,  and  determine  first  stage  thrust  levels 
by  taking  advantage  of  the  altitude  co»penaatlon  features  of  aerodynamic  noizles. 
The  Contractor's  turboeiachlncry,  turbine  gas  generation  system,  control  system, 
and  other  module  subconponenta  HIST  remain  the  same  for  all  six  vehicle  cases. 

If  subsequent  opt Imliatloii  Indlcatia  to  the  Contractor  tliat  these  ground  rules 
arc  overly  restrictive,  he  should  feet  fret  to  define  more  suitable  approaches 
In  addition  to  those  outlined  above.  Any  differences  In  hardware  between  thfa 
more  suitable  approach,  and  the  outlined  approach  must  be  Identified  In  detail. 

(C)  In  determining  the  major  engine  module  parameters,  a  selection  of  mixture 
ratio  la  necessary.  The  basic  engine  module  must  be  capable  of  operating 
between  mixture  ratios  (oxidizer  to  fuel,  by  weight)  of  5.0  and  7.0;  In  addition, 
the  flow  rate  versus  mixture  ratio  characteristics  of  the  nodules  used  in  all 
six  cases  must  he  identical.  The  Contractor  may  find  It  necessary  to  perform 
several  Performance  Index  Itcrailona  to  optimize  mixture  ratio.  A  value  of 
6.0  la  suggested  as  a  nominal  starting  point. 

1.3.2  (U)  Responalbll Itlea  of  the  Contractor 

The  contractor  la  responsible  for  providing  three  principal 
•  Itema  for  each  of  the  six  vehicle  eonflguratlona. 

(a)  A  definition  of  the  engine  module  configuration,  along  with  all 
Inaeallatlon  hardware  (attachment  atrueture,  propellant  ducting,  thrust  vector 
control  system),  as  apcclflcd  In  Section  3.1. 

(b)  A  definition  of  the  geometry  of  Interstages  and  fairings  at  specified 

«  in  Section  3.2. 

(c)  A  determination  of  the  performance  index,  utilising  contractor-gen¬ 
erated  Information  frocs  (a)  and  (b).  In  conjunction  with  data  and  instructions 
In  this  packaga. 


1.3.3  (C)  Contractor  Oblectlvaa 

The  contractor's  prime  objective  should  be  to  define  s 
single  engine  module  which  pru.ldea  a  high  Perforoiance  Index  to  each  of  the  tlx 
different  vehicle  applications  with  as  few  haidware  differences  as  possible. 
Therefore,  the  contractor  la  encouraged  to  perform  his  own  tradeoff  studies  so 
that  hit  tingle  module  characteristics  will  result  in  a  minimum  of  compromlte 
for  the  tlx  ratea  presented.  In  pursuing  this  prime  objective,  the  Contractor 
ahould  also  have  several  corollary  objectives,  to  wtti 

(a)  To  consider  all  of  the  actual  problems  Involved  In  the  selection  of 
an  engine  configuration,  and  to  make  rsallaclc  tradeoffs  and  compromlaea  In 
arriving  at  final  performance  values,  engine  weights,  and  ayttem  configuration. 
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(b)  To  consider 
to  different  v  '  cle 


all  of  the  problems  involved  In  adsptir^  the  oaslc  modula 
conf  1  gurat  lens »  and  to  i»rl«ct  intelligent  design  compromtsea. 


(c)  To  remeeiber  that  the  eventual  applications  are  advanced  vehicles;  and 
that  these  vehicles,  whether  recoverable  or  expendable  will  desand  Increased 
engine  operational  lifeclsea  and  decreased  engine  maintenance  requirements  than 
now  being  deeonatrated  with  existing  englnea. 


1.3.4  (U)  Interpretation  of  Besulf 


Tlie  resultant  figure  of  merit  that  the  contractor  will 
determine  for  each  of  the  six  applications  cases  Is  the  **Perf ormance  Index.** 
In  actuality,  the  pirforr.ance  index  is  the  stage  burnout  weight,  less  tha 
weight  of  the  engine  Installation  and  engine  Influenced  hardware.  Thla 
performance  index  IS  NOT  a  payload  value,  and  should  not  be  misconstrued  aa 
tuch.  It  Is  merely  a  p.ira-  eter  which  has  teen  defined  to  reflect  d  1  f ferencea 
in  advanced  engine  concepta  (as  well  as  vari/ttlons  of  a  given  concept)  for 
several  typical  Advanced  Launch  Vehicle  steges.  It  it  not  to  be  used  aa  a 
parameter  to  reflect  dlffercncea  in  vehicle  concept#. 

Because  of  the  nature  of  the  Performance  Index,  the  value  determined  for  any 
given  cose  IS  NOT  comparable  between  the  other  cases;  due  to  differences  la 
giosa  weight,  structure  factor,  and  ao  on.  For  a  given  cate,  however,  the 
higher  the  Performance  Index,  the  better. 


2.0  (C)(U)  CASE  DESCRIPTIONS 


2.1  (C)(C)  Case  Number  1.  Expendable  Tlrst  Stage  Rocket 

2.1.1  <C)  Application  Description 

Advanced  Launch  Vehicle  Case  #1  represents  an  expendable 
first  stage  of  a  vertlcally^launchcd,  multistage  launch  vehicle.  The  stage  le 
a  cylindrical  stage,  23  feet  In  diameter,  with  the  liquid  oxygen  tank  located 
forward  of  the  liquid  hydrogen  tank.  Engines  and  associated  Installation  hard* 
ware  are  to  be  attached  to  e  structural  ring  on  the  aft  end  of  the  stage.  The 
oxygen  propellant  supply  llne(s)  la  located  external  to  the  vehicle,  the 
hydrogen  supply  la  centrally  located  at  the  bottom  of  the  hydrogen  tank, 

2.1.2  <U)  S>age  Cro.. 

The  groii  weight  of  thli  .tage  1,  800,000  pound*  (■).  For 
purpose,  of  this  excui..,  the  gross  weight  Includes  all  welghti  above  the  stag,. 
The  gross  weight  snd  lift-off  weight  are  aasuaivd  Co  be  the  lamt. 


2.1.3  (U)  Engine  Modules  and  Komlnal  Stage  Thrust 

The  total  thrust  of  tht,  stage  shall  be  that  thrust  provided 
by  five  (3)  engine  siodulci.  Th.  Individual  engine  nodule  thrust  (at  an  ambient 
pressure  of  14.7  pale)  is  to  be  determined  by  the  contractor  in  accordance  with 
Instructions  In  Section  1.3.1,  with  the  restriction  that  the  thrust  to  gres, 
weight  ratio  of  the  stage  at  lift  off  auit  exceed  1.20, 
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2. 1. *  (U)  5t»f»  Wlofltv  Incrrtwnt 

Thf  ttagt  burnout  velocity  li  10,000  ft/ktc,  starting  Traa 
an  Initial  velocity  of  taro. 

2.1. J  <U)  Anticipated  laauaa 

It  la  anticipated  that  the  following  laauea  will  b« 
Important  In  adapting  the  engine  module  to  this  vehl, *a  caaa: 

(a)  Well  organized  multiple  engine  Inatallatlon,  providing  low  overall 
weight,  good  acceaa Ibll 1 t y ,  minimum  pre-flight  auilntenanco 

(b)  Vehicle  Thrust  Vector  Control 

2.2  (C)  (C)  Case  Nun^^ber  2,  Expendable  Second  Stare  KoeVet 

2.2.1  (C)  AroHcatlon  Deacrlptlon 

Advanced  Launch  Vehicle  Casa  #2  represents  an  expendable 
second  stage  of  a  vert Icallylaunched ,  multistage  launch  vehicle.  The  stage 
la  a  cylindrical  stage,  17  feet  In  diameter,  with  the  liquid  hydrogen  tank 
located  forward  of  the  liquid  oxygen  tank.  The  engine  la  to  be  attached  to  the 
main  structural  ring  with  an  appropriate  load-carrying  frame.  A  single  oxygen 
supply  duct  Is  centrally  located  at  the  bottom  of  the  oxygen  tank,  and  0 
sirgle  hydrogen  supply  duct  la  available  anywhere  within  the  inside  chamLur  of 
tht  main  structural  ring, 

2.2.2  (U)  Stage  Cross  Weight 

The  grots  weight  of  this  stage  is  2S0,000  pounds  (■).  Por 
purposes  of  this  exercise,  the  gross  weight  Includes  all  weights  above  tho  stage. 
The  grots  weight  and  Ignition  weight  are  atauaed  to  be  the  sasM. 

2.2.3  (U)  Enrlne  Module  and  Konlnal  Stage  TTirust 

The  total  thrust  of  this  stage  shall  be  chat  thrust 
provided  by  one  (1)  engine  module.  The  indlvlduel  engine  module  thruet  ehsll  ks 
230,000  pounds  (f)  at  vacuum  conditions. 

2.2.4  U)  Stare  Velocity  ~ncrement 

The  stage  burnout  velocity  la  26,000  ft/arc  atari ing  with 
an  Initial  velocity  of  10,000  feec/tee. 
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2.2.S  (U)  Anttclp«tf4  t««u«» 

It  It  tntlclptlrd  tlitt  thr  following  Ittuct  will  b* 
Important  In  adapting  the  engine  module  to  thla  vehicle  cate; 

(a)  High  Specific  lopulea 

(b)  Reitart  Capabtliry 

2.3  (C)  (C)  Cate  Nurber  3.  Expendtible  Single  Stape  to  Orbit  Rocket 

2.3.1  (C)  A.npltcat  Ion  Detcrlptlon 

Advanced  Launch  Vehicle  Cate  43  It  a  vertically-launched, 
expendable,  tingle  stage  to  orbit  vehicle.  The  vehicle  it  cylindrical  with  a 
diameter  of  26  feet,  and  the  oxygen  tank  la  located  forward  of  the  hydrogen 
tank.  The  oxygen  supply  lines  exterid  through  tunnels  In  the  hydrogen  tank  Co 
the  vehicle  engine  Interface,  whereat  a  tingle  hydrogen  supply  line  It  located 
au  the  bottom  of  the  hydrogen  tank.  A  mal.i  structural  ring  It  used  at  the 
attach  point  for  the  englne/thrutt  nount  aatembl lea. 

2.3.2  (U)  Stage  Cross  Weight 

The  gross  weight  of  this  stage  It  800,000  pounds  (a). 

For  purposes  of  this  exercise,  the  gross  weight  Includes  all  weights  above  the 
stage:  furthermore,  the  grots  weight  and  lift-off  weight  are  assumed  to  be  the 

saae. 


2.3.3  (U)  Engine  Modules  and  Konlnal  Stage  Thrust 

The  total  thrust  of  this  stage  shall  be  that  thrust 
provided  by  five  (5)  engine  modules.  The  Individual  engine  module  thrust  (at 
an  ambient  pressure  of  16.7  psia)  is  to  be  deter-  Ined  by  the  contractor  In 
accordance  with  Instructions  in  Section  1.3.1,  with  the  restriction  thst  the 
thrust  to  gross  weight  ratio  of  the  stage  at  lift  off  exceeds  1.20.  Capability 
for  thrust  variation  will  be  required  to  limit  Che  stage  acceleration  to  a 
oaximua  of  S.O  g's, 

2.3.4  (U)  Stap.e  Velocity  Increment 

The  stage  burnout  velocity  is  26,000  f/tec,  starting  with 
an  Initial  velocity  of  xcro, 

2.3.3  (C)  Anticipated  Issues 

It  Is  anticipated  that  the  following  Issues  will  be 
Important  In  adapting  the  engine  module  to  this  vehicle  case: 
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(a)  Well  orgar.l<r<i  aniltlpl*  engine  Inttillation  providing  low 
ov  'rail  weight,  good  at ceaalbl  1  Ity ,  mlnloum  pre-fliglit  nalnt'nanc* 

(b)  Cociproeilac  between  aea  level  and  altitude  pcrfonunca 

(c)  Vehicle  Tliruat  Vector  Control 

(d)  Engine  Koduta  Throttling 

2.4  (C^  (C)  Cate  Nunher  4,  Rt  coverahle  Flrat  Stage  RoeVet  (VTOHl.l 

2.4.1  Arpllcatlon  Detcrlptlon 

(C)  Advanced  Launch  Vehicle  Cate  #4  la  a  winged,  recoverable,  flrat 
ataga  OTOIIL)  of  a  oultlataga  launch  vehicle.  The  stage  la  cylindrical  In 
body  forn  (22. S  ft  dlanrtcr)  with  wings  extending  therefroo.  The  oxygen  tank  la 
located  forward  of  the  hydrogen  tenk.  Multiple  oxygen  supply  lines  pass  through 
tunnels  In  the  hydrogen  tank.  A  structural  ring,  at  the  aft  end  of  the  stage. 

Is  provided  for  accepting  the  engine  thrust  loads. 

2.4.2  (U)  Stage  Cross  Weight 


The  grots  weight  of  this  stage  Is  1,280,000  pounds  (st). 
For  purposes  of  this  exercise,  the  gross  weight  Includes  all  weights  above  the 
stage;  furtheraora,  the  gross  weight  and  lift-off  weight  are  assumed  to  be  the 

saas. 


2.4.3  (U)  Engine  Modules  and  h’omlnal  Stage  Tlirust 

The  total  thrust  of  this  stage  shell  be  that  thrust 
provided  by  eight  (8)  engine  modules.  The  Individual  engine  module  thrust  (st 
an  ambient  pressure  of  14.7  psla)  shall  be  determined  by  the  contractor  In 
accordance  with  Instructions  In  Section  1.3.1;  with  the  restriction  that  the 
thrust  to  gross  weight  ratio  of  the  stage  at  lift  off  must  exceed  1.20. 

2.4.4  (U)  Stare  Velocity  Increaent 

The  stage  burnout  velocity  la  10,000  f/sec,  starting  with 
an  Initial  velocity  of  tare. 

2.4,3  Anticipated  Issues 

(C)  It  Is  anticipated  that  the  following  Issues  will  be 
Important  In  adapting  the  engine  module  te  this  vehicle  casei 

(a)  Well  organised  multiple  engine  Installation,  providing  low 
overall  weight,  good  accessibility,  mlnlmua  malntcnancs 

(b)  Compact  engine  instsllation,  l.e.,  mlnlmua  volune 
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(c)  True  engine  reueabtilty 

(d)  Vehicle  Ttiruit  Vector  Control 

2.5  (C)(C)  Cane  hVirbrr  5,  Uccovereble  Second  Stere  Rocket.  Plckebeck 

Conf  If.urat  Ion 

2.5.1  Anpllcetlon  peacrlrttoo 

(C)  Advanced  Launch  Vehicle  Cate  #5  la  a  recoverable  aecend 
atage  of  a  eultlatage  vehicle  configuration.  Thla  aiage  la  booated  to  near 
vacuuB  condltlona  by  a  recoverable  first  stage  *n  a  pickaback  configuration. 

The  second  stage  la  of  the  lifting  body  design,  with  ron-lntegral  cylindrical 
propellant  tanka  (one  oxygen  and  two  hydrogen  tanka)  arranged  In  a  alde-by-aldc 
■an.ier,  A  structural  frame  Is  previded  at  the  aft  end  to  accoecnodate  the  engine 
Inat.illat Ion,  Each  propellant  tank  has  a  single  discharge  outlet,  located 
at  the  bottoa  of  each  tank. 

2.5.2  Stage  Croat  Uelrht 

(U)  The  gross  weight  of  thla  stage  la  5j0,000  pounds  (m).  For 
purposes  of  thla  exercise,  the  gross  weight  Includes  all  weights  above  the 
stage;  furthermore,  the  gross  weight  and  Ignition  weight  arc  assumed  to  be 

the  taae. 


2.5.3  Engine  Module  and  Koolnal  Stage  Thrust 

(U)  The  total  thrust  of  this  stage  shall  be  that  ihrust 
provided  by  two  (2)  engine  modules.  The  Individual  engine  module  thrust 
shall  be  250,000  pounds  (f)  at  vacuuai  conditions. 

2. 5. A  Stage  Velocity  Increment 

(U)  The  stage  burnout  velocity  la  26,000  ft/aec,  starting  with 
an  Initial  velocity  of  10,000  ft/aec. 

2.5.5  Anticipated  Issues 

(C)  It  la  ar.ticipated  that  the  following  Issues  will  be 
Important  In  adapting  tha  engine  module  to  this  vehicle  casei 

(a)  High  Specific  Impulse 

(b)  Compact  E.iglne  Instsllstleo 

(c)  Vehicle  Thrust  Vector  Conttel 

(d)  Restart  Cspablllcy 

(e)  True  engine  reufsblllty 

• 
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2.*  (0(0  Ci!«  Kurbrr  6,  lt»fov»rabl«  Second  Stat.g  F-ockrt ,  Tandf 

ConMKur*tlc»n 

2ii.l  Appl lc«t  1  on  PfcrlptioB 

(C)  Advpncrd  Launch  Vehtcl*  Cate  #6  la  a  recovrrabla  aacond 
acage  of  a  aiulttatagc  vehicle  configuration.  Thla  atage  la  booated  to  near 
vacuua  condltlona  by  a  rocket  booster  In  a  conventional  tandem  configuration. 
The  second  atage  la  of  the  lifting  body  ty]>e,  with  Integral  propellant  tanks. 

A  Structural  aft  frame,  with  four  (4)  mounting  pads,  la  provided  for  attaching 
the  engine  to  the  vehicle.  Single  oxygen  and  hydrogen  outlet  line  locations 
are  specified  In  the  base  of  the  vehicle. 

2.6.2  Stage  Cross  Weight , 

(U)  The  gtoaa  weight  of  this  stage  la  250,000  pounds  (m).  For 
purposes  of  this  exercise,  the  gross  weight  includes  all  weights  above  tho 
stage;  furthermore,  tic  gross  weight  and  Ignition  weight  arc  assumed  to  bo 

the  aamo. 


2.6.1  tnplnc  Module  and  Koolnal  Stage  Thrust 

(U)  The  total  thrust  of  this  atage  shall  be  that  thrust 
provided  by  one  (1)  engine  module.  The  Individual  engine  modulo  thrust 
shall  be  250,000  pounds  (f)  at  vacuua  condltlona. 

2.6.6  Stage  Velocity  Increment 

(U)  The  I 'age  burnout  velocity  la  26,000  ft/sec  starting  with 
an  Initial  velocity  of  10,000  ft/aoe. 

2.6.5  Anticipated  Issues 

(C)  It  la  anticipated  that  the  following  issues  will  bo  loportsnt 
In  adapting  the  engine  modulo  for  this  vehicle  easot 

(a)  high  Specific  latpulse 

(b)  Kaatort  Capability 

(c)  True  Engine  Reusability 
3.0  (U)  INSTRUCTIONS 

3.1  Engine  and  Engine  Installation  Instructlone 

3.1.1  Engine  System  Instructlone 

yrior  to  the  dctcrBlnstlon  of  the  Fcrfornance  Index,  the  cen> 
tractor  will  find  It  necessary  to  dctetnlnc  the  e::act  thrust,  specific  Impulse, 
and  mixture  retie  of  hla  engine  module,  along  with  weights  and  geometry  of  tho 
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rnclre  Bodulc  and  Installation.  In  aprclfying  the  nodule  draign,  the  contractor 
should  consider  all  of  the  rrcrssary  facets  of  engine  (-i>rratlun,  vehicle  Instal¬ 
lation,  checVout,  and  nalntenancc  that  would  be  part  of  an  operational,  iianned, 
vehicle  prograa. 

The  contractor's  engine  nodi  le  Bust  confora  to  the  following: 

e.  Vehicle  Propellant  Interface  Condttloae 

The  conditions  of  the  propellants  available  for  the  engine  will  (In 
reality)  vary  considerably  aror.g  the  sis  different  applications  cases.  In  order 
to  slnpllfy  the  problea,  a  typical  set  of  conditions  has  been  postulated  as 
being  represt nt at Ive  of  all  vehicle  cases.  These  conditions  are  specified  In 
Section  4.2.1.  The  contractor  la  required  to  specify  a  rodule  design  which  can 

operate  satisfactorily  with  these  Inlet  conditions  both  during  steady  state  and 

ranslent  engine  operation. 

b.  Thrust  Vector  Control  Kequlrenenta 

The  engine  Bodules  utilized  In  the  various  cases  Bust  be  capable  of 
providing  Thrust  Vector  Control  (TVC).  The  TVC  requlrr-ents  are  specified  in 
Section  4.2.2.  The  contractor  hat  the  option  of  selecting  either  mechanical 
Bovecent  of  the  thrust  vector,  or  secondary  fluid  Injection  at  the  scheme  by 
which  to  achieve  the  required  TVC.  Once  a  scheme  it  selected,  the  contractor 
Is  responsible  for  defining  all  of  the  subcoeponents  of  the  TVC  systen  In  order 
to  arrive  at  a  realistic  weight  cstiaate. 

In  this  Applications  Paesage,  other  vehicle  interface  problems  such  as 
tank  pressurization  requirements,  guidance  and  steering  Interfaces,  telemetry, 

etc.,  arc  not  to  be  considered  in  detail.  However,  the  contractor  will  be 

required  to  make  reasonable  estimates  on  weights  of  such  Itecs  ss  malfunctloa 
dccectlon/lnstrusentstlon;  this  will  be  discussed  further  In  Section  3.1.3. 

3.1.2  Use  of  Instsllstlen  Dlegresia 

An  Instelletlon  diagram  It  provided  for  cech  of  the  sis  caees 
in  Section  4.1.  These  diagrams  depict  the  aft  end  of  e  vehicle  that  is  typical 
of  the  various  cases  defined.  Included  in  the  diagrams  arc  aft  end  vehicle 
dimensions,  polnc(t)  at  which  engine  thrust  structure  is  mated  to  the  vehicle, 
locatlon(t)  of  propellent  outlet  duct(c),  and  other  pertinent  Information.  The 
contractor  la  responsible  for  defining  ALL  of  the  Instelletlon  paraphernalia 
that  la  required  to  adapt  the  engine  or  engines  to  the  Interfaces  defined  In 
the  diagrams;  some  of  the  cajor  items  arei 

a.  Thrust  Structure 

The  contrartor  la  required  to  define  a  suitable  thrust  structure  that 
will  carry  the  thrust  loads  to  the  defined  vehicle  location.  Design  parameters, 
dimensions,  and  weights  must  be  specified.  The  structure  shall  withstand  all 
of  the  forces  rcrultlng  from  the  thrust  of  the  engine  module(s)  during  transient 
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and  ktcaJy  atat*  opara'.lon.  Tor  daatgn  purposta,  the  ulllnata  atrrngth  ahall 
ptovldr  for  a  Blnln^a  of  1.50  Clara  tha  aaxlnoA  loading  condition.  Tht  thcraal 
rnvlrcnnrnt  of  xtructural  airr.bcra  vllt  ba  dlacupsrd  In  Srctlon  3.1.2(d). 

b.  rropallant  Faad  Linas 

Tha  contractor  la  rr<]ulrrd  Co  daflna  tha  faad  llnra  which  will  carry 
propallanta  from  tha  drflnad  Incarfacaa  to  tha  anglna(a).  In  aoma  catea,  tht 
contractor  muat  chooaa  tha  nu-bar  of  faad  llnaa  from  tha  tank,  and  apaclfy 
their  location.  Tha  aliaa  of  llnaa,  daalgn  datalla,  and  walghta  Boat  ba  provldad. 

c.  Thruat  Vactor  Control  Syataa 

Tha  Contractor  la  required  to  provide  a  suitable  thrust  vector  control 
syatk^:  detall.i  of  this  aysCaa  have  baan  dlscuaaad  In  Sactlon  3.1.1  All 
hardware  nacasacry  for  the  ayatem  and  Its  Installation  must  be  specified. 

d.  Module  and  Installation  Envlror.seat 

The  antlra  engine  module  Inatallatlon  cost  operate  satisfactorily,  St 
ambient  preaaure  betw'en  aaa  level  and  vacuum  conditions.  It  must  be  able  to 
start,  run  and  atop  properly  throughout  any  flight  path;  furthermore,  the 
engine  and  installatloi  hardware  cust  withstand  all  vibration  and  scceleratlon 
criteria  encountered  during  norr.al  usage.  Prior  to  tha  entry  of  propellants, 
a  to  'fl60°F  environment  should  not  have  any  detrlnantal  effects  on  the 

engine  ayatea.  It  Is  to  be  aasusad  that  the  BaxlBum  taeiperature  of  componants 
and  hardwuro  not  In  contact  with  propellants  or  turbine  gases  will  be  Halted 
to  S00°F  during  tha  vehicle  flight.  Material  choices.  Insulation,  loading 
Halts,  etc.,  arc  to  be  cospatlble  with  these  envlronaental  constraints. 

3.1.3  Engine  Installation  Welehcs 

The  cosputatlon  of  a  aeanlngful  performance  Index  requires  a 
rigorous  bookkeeping  procedure  for  engine  module  velghte  and  Instsllatlos 
hardware  weights.  In  order  that  consistency  can  be  maintained  among  the  various 
cases,  soma  representative  weight  breakdowns  sre  furnished  In  Section  b.2.3  for 
the  Bodulc  and  for  the  overall  installation.  Although  the  contractor  la  net 
Halted  to.thls  breakdown,  all  Itees  specified  must  be  Included. 

The  contractor  Is  encouraged  to  use  his  best  judgment  In  Identifying  those 
Items  where  Insufficient  vehicle  data  Is  available  to  allow  detailed  weight 
estimates.  Items  which  fall  Into  this  category  arc  heat  exchangers  for  pres* 
surlzatlon,  engine  component  heat  protection,  malfunction  detection  systems,  etc. 

3.2  Falrlns  and  Interstage  Instructions 

3.2.1  Instructions  for  Calculating  Falrlns  Areas 

Host  of  the  applications  cases  require  the  layout  of  an  aero¬ 
dynamic  fairing  In  the  vicinity  of  the  engine  compartment.  In  some  of  the  cases, 
the  fslrlng  Is  required  Co  enclose  the  entire  engine  compartment,  encapsulating 
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the  fnglnt.  No  ttructur*!  Jralgn  of  th««*  folrlcg*  It  rrqulrrd.  The  fairing 
layoutt  should  be  considered  at  nothing  oorc  than  an  art  1  f Ida]  1  ly  Introduced 
Into  the  calculations  at  a  eeant  for  astetalng  certs. .1  weights  assoclsted  with  the 
geometry  of  the  engine  Installation.  The  fairing  layoutt  will  be  used  by  the 
contractor  to  detemlne  an  area  term,  Af,  which  It  required  In  calculating  the 
performance  Index,  U^,  for  the  propulalon  ayttea.  Fucthermore,  these  fairing 
dimensions  are  required  to  determine  a  suitable  correction  factor  to  account  for 
engine  Installation  drag  effects. 

General 

a.  Fairings  shall  consist  of  aklrta  and  closures. 

b.  Skirts  shsll  extend  froa  the  vehlcle^ody  surftce(s)  aft  to  the  plane 
*  of  the  engine  noizle  throat. 

e.  Clotures  shall  extend  froa  the  skirt  surface(t)  aft  until  the  bate  of  the 
vehicle  la  closed. 

d.  Skirts  shsll  not  Interfere  with  or  be  penetrated  by  any  part  of  the 
engine  Installation,  even  at  maalnua  thrust  deflection  posltlee. 

e.  Closures  shall  not  be  penetrated  by  any  part  of  the  engine  Installation 
when  the  engine  Is  at  a  zero  thrust  deflection  position. 

f.  Skirts  shall  consist  of  cylindrical,  conical,  or  planar  turfacce. 

g.  Closures  shall  consist  of  cylindrical,  conical,  planar,  or  ogival  surfaces. 

h.  Ogival  surfaces  shall  be  generated  by  a  circular  arc  which 

1.  Is  tangent  to  the  cylindrical,  conical,  or  planar  surface  at  Its 
forward  end  and 

2.  terminates  on  the  longitudinal  axis  of  the  vehicle,  and 

3.  has  a  radius  three  times  the  perpendicular  distance  from  the  point 
of  tangency  to  the  longitudinal  axis  of  the  vehicle. 

I.  The  angle  of  all  conical  or  planar  surfaces  with  respect  to  the  longitud¬ 
inal  axis  of  the  vehicle  shall  not  exceed  fifteen  (13)  degrees. 

J.  The  fairing  area,  A{,  shall  be  the  eua  of  the  surface  areas  of  the  skirt 
ani  the  closure.  In  square  feet. 
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t  A  «klrt  vhiill  be  provided.  Ko  closure  le  required*  Tlte  skirt  shsll  te  Bsde  up 

of  conlcsl  snd/or  cylindrical  surfsces  such  thst  sny  cross*ftrcClon  of  the  skirt  la 
s  plsne  perpendtculsr  to  tne  longltudlnsl  sils  of  the  vehicle  Is  s  circle.  The 

forwsrd  end  of  the  skirt  Bust  be  sttsched  to  the  vehicle  tody  surfsce  st  sobs 

point  between  the  Beta  scructursl  ring  end  seventy-five  (75)  Inches  forvsrd  of 
the  Bslo  structural  rlBt. 

C«««  2 

No  fairing  1.  rrqulr.4.  Th*  fairing  araa.  Ag,  ahall  ba  taVan  a*  taro. 

Ca.a  3 

A  aklrc  ahall  ba  provided.  No  cloaura  la  required.  lha  aklrt  ahall  ba  icada  up 
of  conical  and/or  cylindrical  aurfocea  auch  that  any  croaf-aectlon  of  tha  aklrt 
la  a  plana  parpendlcular  to  the  longitudinal  axis  of  the  vehicle  la  a  circle.  Tha 

forward  end  of  tha  aklrt  euac  ba  attached  to  tha  vehicle  body  aurfaca  at  aoM 

I  point  between  the  rain  atructural  ring  and  ona-hundrad-Can  (110)  Inchaa  forward 

of  tha  italn  atructural  ring. 

Caaa  ♦ 

A  aklrt  and  cloaura  ahall  ba  provided.  Tha  skirt  shall  ba  oada  up  of  conical 
and/or  cylindrical  aurfacat.  Th.c  cloaura  ahall  be  cade  up  of  conical  and/or 
cylindrical  aurfacaa  plua  an  ogive.  All  aurfaca.  for  both  aklrt  and  cloaura 
ahall  be  auch  that  any  croaa-aectlsn  in  a  plane  perpendicular  to  tha  longitudinal 
axlf  of  tha  vehicle  la  a  circle.  Tha  forward  and  of  the  aklit  euat  ba  attached 
to  tha  vehicle  body  aurfaca  at  cone  point  between  tha  calf  atructural  ring  and 
fifty  (50)  Inchaa  forward  of  tha  caln  structural  ring. 

Case  S 

a  (  - 

r  A  aklrt  and  closure  ahall  be  provided.  The  aklrt  shall  be  cade  up  of  planar 

aurfacaa  only,  Tha  forward  and  of  tha  skirt  Boat  ba  attached  to  tha  vehicle  body 
aurfacaa  at  tha  caln  aft  fraca  of  the  vehicle.  The  cloaura  ahall  ba  cade  up  of 
planar  aurfacaa  and  a  tvo-dlcena tonal  ogive.  The  aurfacaa  of  tha  aklrt  and  cloaura 
ahall  ba  auch  that  any  crosa-aectlon  perpendicular  to  tha  longitudinal  aala  of  tho 
vehicle  la  a  rectangle.  Tha  cajor  dlcenalon  (longer  aide)  of  this  ractanglo 
ahall  be  conatant,  forty-five  (45)  feat  long. 

Can  > 

A  aklrt  ahall  ba  provided.  Ko  cloaura  Is  required.  Tha  aklrt  ahall  ba  cade  up 
of  planar  surfaces  only.  Tha  forward  end  of  tha  skirt  oust  ba  attached  to  tha 
vehicle  body  aurfacaa  at  tha  caln  aft  froze  of  tha  vehicle.  Tha  aurfacaa  of  tha 
aklrt  shall  be  auch  that  any  cross-aactioa  perpendicular  to  the  longitudinal  axis 
of  tha  vehicle  Is  a  hexagon  gaoBetrlcslly  proportloncl  or  alnilar  to  tho  naln 
aft  frana  of  tho  vohlclo. 
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3.2.2  ln<truci<pn»  for  C«lcul»t*ni  Aint 

Two  of  the  appllcatlnns  ctirs  require  the  liyout  of  lntersta|e( 
In  the  vicinity  of  the  engine  conpartment .  No  atructural  devlgn  of  thetc  Inter* 
•  tagea  la  required.  Tht  layouta  are  Intended  aa  a  eeana  for  aaaeaalng  certain 
uelghta  which  cay  be  aaaoclated  with  the  geonetry  of  the  engine  inatallatloa. 

The  Interatage  layouta  will  be  uaed  by  the  contractor  to  deteralne  aa  area 
term,  Aj,  which  la  requlr  1  In  calcul  ting  the  Perfomance  Index,  for  the 

propulalon  ayatea. 

General 


a.  Interatagea  ahall  not  be  penetrated  by  any  part  of  the  engine  Inatal- 
latlona  when  the  engine  la  at  a  rero  thruat  deflection  poaltion. 

b.  The  Interatage  area,  A^,  ahall  be  the  surface  area  of  the  Interatage 
In  square  feet. 

Caaea  1.  3.  4,  and  > 

No  Interatage  la  required.  The  Interstage  area,  Aj,  wh  ,i  !  ''  t.n.n  nw  reru. 

Case  2 

The  Interatage  ahall  be  conical  surface  having  a  dlar.eter  at  ti.e  .  rvard  end  oi 
seventeen  (17)  feet  and  a  diameter  at  the  aft  end  of  twenty-three  (23)  feet. 

.  The  forward  end  of  the  Interstage  shall  be  attached  to  the  main  structural  rini;. 
The  Interstage  ahall  have  a  nlnlnun  length,  ceasured  along  the  longitudinal 
asls  of  the  vehicle,  of  eight  (8)  feet,  but  shall  be  extended,  at  necessary, 
to  the  aftemost  plane  of  any  engine  part. 

Case  > 

The  Interatage  shall  be  s  surface  generated  by  the  shortest  lines  drasm  between 
the  aft  end  of  the  skirt  and  a  twenty  (20)  foot  diaseter  circle  whose  plane  la 
perpendicular  to  the  longitudinal  axis  of  the  vehicle.  Ko  generating  line 
element  ahall  be  Inclined  Bore  than  fifteen  (13)  degrees  with  respect  to  the 
longitudinal  axis  of  the  vehicle.  The  Interatage  shall  be  extended,  as  necessary, 
to  the  aftemost  plane  of  any  engine  part. 

3.3  Engine  Perfomance  tstlwstes 

A  velocity-altitude  history  Is  postulated  for  each  application  for  the 
purpose  of  asking  engine  perforc^ance  estimates.  Curvet  of  this  history  are 
provided  (or  Casea  1,  3,  and  A  lo  Section  A. 3.  For  Cases  2,3,  and  6  it  ahall 
be  assumed  that  the  engine  operation  occurs  under  vacuus  conditions. 
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whrr#  AW  •  thr  weight  change  of  the  vehicle  during  each  fctrp,  lha 

AV  •  thr  velocity  change  of  the  vehicle  during  each  aCep,  ft/aec 
The  velocity  Increnent,  i^V,  thall  be  la^tn  at  200  ft/aec  for  each  atep.  The 
other  terics  (W,  1^,  F,  and  L)  ahell  he  evaluated  at  the  beginning  of  each  atep. 

In  this  ranner,  a  aelght  hlatory  of  the  vehicle  with  velocity  (W  -  V  dlayran) 
ahall  be  calculated  fron  the  Initial  to  tne  burno..!  condltlona  lor  the  vehicle. 
The  Initial  and  burnout  velocities  have  beyn  prevloualy  apeclfled  In  Section  2.0. 

The  burnout  weight  of  the  vehicle,  W^,  ahall  be  corrected  for  fairing  dreg 
by  the  etpreielon: 


be 


CW, 


where  •  the  corrected  burnout  weight,  Iba 

C  •  the  atage  burnout  weight  correction  factor 

Curvea  for  C  aa  a  function  of  ir.axfeum  fairing  dlcenalone  are  furnlahed.  For 
Caaee  2  end  6,  C  •  1.0  for  any  configuration 

3 . S  Inst ructlona  on  the  Calculation  of  the  Perforaance  Indeit 

The  contractor  will  conpute  a  ''Perfomance  Index"  for  each  of  the  eix 
vehicle  caret.  Thli  perforrance  Index  le  to  be  corputed  uaing  the  algebraic 
equation  apeclfled  In  Section  4.6,  .along  with  the  specified  conatantt  end 
contractor  corputed  or  supplied  variables.  The  value  of  the  perfomance  Index 
which  le  determined  for  each  veheile  case  will  be  the  figure  of  rerlt  for  that 
caae.  As  stated  earlier,  the  figures  of  trerlt  are  t.'OT  comparable  between  cases, 
but  are  corparablc  for  each  case.  Consequently,  the  contractor  nay  wish  to  optimise 
the  perfomance  index  for  each  Individual  case,  In  terns  of  mixture  ratio,  engine 
configuration,  etc. 

4.0  TECHNICAL  DATA  ENCLOSURES 


4.1  Installation  Dlatraeie 

4.1.1  Installation  DIagran,  Case  f 

4.1.2  Installation  Dlagran,  Caae  f 

4.1.3  Installation  Dlsgraa,  Case  f 

4.1.4  Installation  Dlagraa,  Case  K 

4.1.5  Installation  Dlsgraa,  Caec  I! 

4.1.6  Installation  Dlagraa,  Case  fl 
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(2)  Up  to  Five  (i)  LOi  Tank  Dlacharpe  Outlcia  May  br  Ullllaet*  by  Contractor  (UKatlona  to  be  SjnwtrUal) 
Racial  Location  Uptional  Wltbln  Conairalnta  of  Main  Str».;toral  Ring  Diameter. 
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Installation  Daf 

4.2.1  Vc  iclr  tr^ln*  lnC«-rf«cc  PropellAnt  Condition 

4.2.2  Thrust  Vector  Control  Requlre»#nts 

4.2.3  Typical  Engine  Module  and  Installation  Weight  Fonu-ia 
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TVC  Sch«M  H«ch«ntcal  Hovcaont  Secondary  Fluid  Injection 

(Hinging  or  Globalling) 
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4.2.3  rnitlne  WoJulr  ^nj  Tnhial  latlfn  UVltht  tmVdotfn  Fonaat 

TTie  Contractor  la  required  Co  ICeelrr  rnglnr  iLoduli*  and  Inacallatlon 
hardw.ire  wctghca.  Ttie  (olloulng  foiR.rt  la  aug^ratrd  to  Inaurc  chat  all 
Icr-a  are  adequately  iprclflrd  when  thr  total  rr.glr.a  Inatallatlon  weight  la 
predicted  for  the  Perfornance  Index  corpuCatlon,  It  la  .‘ecognlzed  that 
different  eng.ne  con  rpta  will  not  utilize  all  of  the  auhcor.ponenca  Hated 
below.  As  previously  stated,  the  Contractor  s^.ould  cale  reasonable  eatlcuitea 
Cor  Chose  Itess  he  la  not  specifically  Instructed  to  de' ' ,n. 

(a)  Engine  Module  UelghCa 

Cocbustlon  Chaaber  Aaaeiably 

Prleary  Cotrbustlon  Chazber  (Prebumcr) 

PrlKary  Conbuatlon  Chazber  Injector 

Secondary  Coabuatlon  Chazber 
Secondary  Coabuatlon  Chazber  Injector 
‘lozzlc  Extcnalon(o) 

Aerodynamic  Nozzle  Centerbody  and  Shrouda 

Oxidizer  Turbopunp  Aaaezbly 

Sasic  Pu.T.p/Turblnc  Aasenbljr 
Mounting  Structures  Provtalons 
tooat  Pump  or  Separate  Inducer 

Fuel  Turbopu.mp  Asaeabljr 

Basic  Puzp/Turblne  Aaaezblp 
Mounting  Structure  and  Provlatons 
Boost  Pump  or  Separate  Inducer 

Oxidizer  Feed  System  (High  Pressure) 

Fuel  Feed  System  (High  Pressure) 

Css  Generator  Installation 
Control  System  and  Valves 
Ignition  System 
Propellent  Utilization  System 
Start  System 

Other  Structure  and  Interconnects 


2« 
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UilClASSIFIED 


UliCLASSIFIED 


Engine  Module  Inttallatlon  Weights 
Thruit  Structure 

Oxldlrcr  Fer«i  Syxtea  (Low  Preksure) 

Meet  Protection  Syetea*  Ineulatloo 
In»trur«-ntatlon  and  Malfunction  Detection  System 
Presburliatlon  Hardware.  Heat  Ejichangera 
Thrust  Vector  Control  System.  Mechanical 
Clrbal  or  Hinge  Bearing  and  Structure 
ActuaCore 

Power  Supply  or  Actuation  Power  Source 
Additional  Structure.  Outrlggere.  etc. 

Thrust  Vector  Control  System.  Secondary  Injection 
Manifolds.  Lines  and  Plumbing 
Injectant  Valves 

Structure.  No«..le  Supports,  etc. 
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4.3  W 1  PC  1 1 y - M titujr 

4.3.1  Vr  1  ocl  t  yAl  1 1 1  ude  History,  Css*  #1 

4.3.2  Vcloclty-Altltudr  History.  Casr  #3 

4.3.3  Wloclty-Altltude  History,  Case 


*  So  velocityaltltudc  curve*  needed  for  Cete*  #2,  #5,  And  #6;  vacuuti  condition* 
■htll  bt  Assuaed. 
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UNCLASSIFIED 
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UNCLASSIFIED 


)«>86(l 


UNCLASSIFIED 


4.4  Trjtectory  Lo»t 

4.4.1  Tr«J«ccory  Lot*  pAr«»cc«r.  Cam*  II 

4.4.2  Trajectcry  Lott  FtrJ»#t«r*  C*t«  12 

4.4.3  Trtjtctory  Lott  Ptrtfttttr*  C«t«  1) 

4.4.4  Trajectory  Lott  Paractretr.  C*ta  #4 

4.4.)  Trajectory  Lott  Paraaetert,  Catea  15  ani  14 
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TMJECTOty  LOSS  rARAMETEft  -  CASE  2 
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UiiClASSlFIED 


id 


or  if 87 


U!!ClA$StFIED 


4.5  Furnout  Wright  Corrtctlon  Fjctof^ 

4.3.1  Burnout  Weight  Correction  rnctor.  Cnn*  II 

4.3.2  Burnout  Weight  Correction  Factor*  Cnee  15 


4.3.3  Buinout  Weight  Correction  Factor*  Caee  14 


4.3.4  Burnout  Weight  Correction  Factor*  Caee  15 


s 


*  No  burnout  weight  correction  factor  curve*  are  re<iuSred  for  Caoe*  #2  and  #6; 
the  correction  factor*  C,  shall  be  assumed  to  bo  1.0 
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4 . 6  P»rforttAnc»  InJra  jor^  «r>«i  Con«t»ntt 
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UliCLASSIFIED 


4.(  CALCULATION  Of  THE  rEXFORHANCC  INDEX 
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B.  VEHICLE  A rJ’Ll CATIONS  PACKACF. ,  3HK  MODULE 

(U)  TTii.’  spi'cliled  infi'rraal  ion  u»«d  for  tiif  3SOK  application  ktudy  catri 
is  I'ssrnlially  the  sa’ie  as  that  pirsented  in  the  "Vehicle  Applica'ion 
Package,  2iOK  Module."  Tlie  diffeience'S  in  the  two  pacV.aget  are  in 
engine  thrust  level,  vehicle  gross  w.'ight,  nu.Tiher  of  engines  j>er  case, 
and  vehicle  stage  dinnsions.  Tlie  gross  weight  and  numher  of  engines 
per  case  (ohtained  fion  the  Aerospace  lepott  "Vehicle  Application 
Package,  350K  .Module")  are  presented  in  table  XXX. 

(U)  Stage  dimensions  for  the  3S0X  Case  such  as  thrust  structi-re  mounting 
distances,  propellant  tank  size,  and  feed  line  location  distances  are 
presented  in  stage  installation  diagrams  for  all  six  cases  in  figure  156 
through  161,  which  are  from  the  referenced  Aerospace  report. 


(U)  Table  XXX.  Cross  Weight  and  Number  of  Engines 
for  the  Application  Study 


Case 

Cross  Weight, 
lb 

Number  of  Engines 

1 

900,000 

4 

2 

350,000 

1 

If 

900,000 

4 

4 

1,345,000 

6 

5 

350,000 

1 

6 

350,000 

1 

CASE 
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(1)  niruit  Mount  Structure  Shall  la  Attached  To  Niln  Structural  Rlnt  (Mo.  of  folntt  4  Location  To  la 
Dct«ratned  by  Contractor) 

(2)  U|  To  Four  (4)  U»j  Tank  Diachar|a  OiClata  Mar  la  Utllltad  I7  Contractor  (Location  To  la  Sywtrical) 


Staa*  tinltlM  Mlgltt  -  1)0,000  tb«. 

Om  (1)  Vfftt  it«t«  UflM  HoOmU  9  rv  >  1)0.000  u« 
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Figure  1S7.  Stage  DLaenelans  -  Caae  2  (3S0K  Module) 


CASE  ) 
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Figure  158.  Stage  Dinenilons  •  Case  3  .(350K  Hodule) 
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(1)  ITirutc  Mount  Structure  Shell  Be  Attached  To  Main  Structural  Ring  (ho.  of  fotnte  4 
Location  To  Be  Dctcruined  By  Contractor) 

(2)  Up  To  ThrecO)  LO^Tanh  Dlachari*  Outlets  Itoy  B«  Utilised  By  Contractor  (Location#  To 
Sywatrical).  Badial  Location  Oyttonal  Within  Conatralnta  Of  Main  Str«ictural  Bint 
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APPENDIX  11 
PARAMETRIC  ENGINE  DATA 


(U)  This  appendix  contains  paraaetrlc  performance,  size,  and  weight  data 
used  for  the  application  studies.  Data  are  included  for  the  various 
r.ozzle  concepts  and  configurations  used  in  the  various  portions  of  the 
study, 

A.  TU’O- POSITION  LIGHTWEIGHT  NOZZLE 

(C)  Data  preserted  in  this  paragraph  ate  for  high-pressure  two- pot i t ion , 
bell  nozzle  engines,  utilizing  the  pump-fed  staged  combustion  (preburner) 
cycle.  Performance  is  based  on  the  use  of  dump  cooling  downstream  of 
an  expansion  ratio  of  33.  For  high  expansion  ratio  nozzles,  radiation 
cooling  is  used  aft  of  the  lowest  expansion  ratio  permitted  by  heat  flux. 
(This  expansion  ratio  varies  over  the  parametric  range,  but  is  approxi¬ 
mately  200.)  Performance,  weight,  and  dimensional  data  are  based  on 
the  following: 

1.  High  pressure',  staged-combustion,  two-position  bell 
nozzle  engines 

2.  Low-speed  inducers  with: 

a.  Minltaura  hydrogen  net  positive  suction  head 
(NPSH)  «  60  ft 

b.  Minimum  oxygen  net  positive  suction  head 
(NPSH)  ■  16  ft 

3.  Continuous  throttling  capability  between  100  and  20X 
of  rated  thrust 

4.  Mixture  ratio  range  of  3  to  7  at  all  thrust  levels 

5.  Thrust  vector  control  p-ovided  by  raechsnical  gimbaling 

6.  Durability  of  10  hours  time  between  overhaul  (TBO) , 

100  reuses,  300  starts,  300  thermal  cycles,  10,000  valve 
cycles 

7.  Lightweight  two-position  nozzle  which  translates  to 
provide  high  sea  level  and  altitude  performance, 
plus  compact  packaging. 

O')  The  parameters  included  in  the  parametric  data  are: 

1.  Vacuum  thrust 

2.  Chamber  pressure 

3.  Overall  engine  mixture  ratio 

4.  Overall  expansion  ratio 

5.  Nozzle  contour 

6.  Primary  expansion  ratio. 
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(U)  Values  of  JellveieJ  specific  Impulse  are  provldeJ  for  an  altitude 
range  from  sea  level  to  vacuum  conditions.  Engine  weight,  overall 
diameter,  and  length  are  given.  Both  the  overall  length  for  the  nozzle 
fully  extended  and  the  stowed  length  with  the  nozzle  retracted  are  pre¬ 
sented.  The  secondary  nozzle  Is  the  retractable  section  of  the  nozzle, 
and  the  primary  nozzle  Is  the  fixed  section.  Tlie  typical  engine  arrange¬ 
ment  and  nomenclature  are  Illustrated  In  figure  162. 

(C)  Data  are  presented  for  engines  In  which  the  secondary  nozzle  skirt 
Is  translated  from  primary  expansion  ratios  of  35,  50,  and  80  for  a  range 
of  overall  nuzzle  area  ratios  of  50  to  300.  In  addition,  data  are  pre¬ 
sented  for  prl-ury  area  ratios  that  result  In  the  minimum  stcrwed  engine 
length.  Tlie  primary  expansion  ratio  for  alnlmua  stowed  length  varies 
with  thrust  level,  chamber  pressute,  overall  expansion  ratio,  and  nozzle 
contour.  For  these  data,  the  overall  nozzle  area"  ratio  range  Is  80  to 
400.  The  secondary  nozzle  can  be  translated  over  the  turbomachinery 
for  those  engines  that  have  a  primary  area  ratio  greater  than  80.  For 
nozzles  translating  at  primary  area  ratios  between  35  and  80,  the 
secondary  nozzle  Is  retracted  to  the  point  where  It  Is  limited  by  the 
turbomachinery  envelope. 

1.  Constant  Cliambcr  Pressure 

(C)  Tlie  data  in  this  section  consist  of  performance,  weight,  and  size 
InformatloQ  for  the  following  parameters: 

1.  Chamber  pressure,  P^  ■  3000  psia 

2.  Thrust  -  lOOK  to  350K 

3.  Primary  area  ratio  •  35  for  maximum  performance,  base,  and 
minimum  surface  area  contoura 

4.  Primary  area  ratios  -  50  and  80  for  maximum  perforaanca 
and  base  contoura 

5.  Primary  area  ratios  for  minimum  stowed  length  for  naxlmua 
performance,  base  and  minimum  surface  area  contoura 
(vacuum  applications  only,  area  ratios  100  to  400). 

(C)  The  data  at  the  specific  thrust  levels  of  250K  and  350K  are  primarily 
to  establish  the  basic  modules;  however,  weight  and  dimensional  data  must 
also  be  determined  for  a  constant  power  package  (l.e.,  constant  engine 
flow  rate)  for  various  nozzle  area  ratios.  TTicse  data  can  be  obtained 
from  the  parametric  data  by  reading  the  curves  at  the  actual  vacuum 
thrust,  for  example,  the  use  of  a  60:1  area  ratio  nozzle  on  the  common 
250K  module  (area  ratio  of  250)  will  develop  a  vacuum  thrust  of 
240,700  lb.  The  weight  and  size  data  can  be  determined  by  reading  the 
parametric  data  at  240,700  Ib  vacuum  thrust  at  an  area  ratio  of  60:1. 
Small  variations  in  thrust  have  an  Insignificant  effect  on  specific 
Impulse. 


CONFIOENIIAL 


a.  Prrformanc* 

(U)  Dellvfrrd  vacuum  specific  Impulse  (lyac)  presented  in  figures  163 
through  168.  Tfiese  data  ate  relatively  Insensitive  to  saall  thrust  level 
variitiuns,  tiierefore,  only  250K  and  3iOK  thrust  is  presented.  These 
data  are  applicable  for  the  snail  thrust  level  variations  from  230K 
(330K)  encountered  in  the  application  study  engine  optimization. 

(C)  Performance  from  sea  level  to  200,000  ft  is  shown  as  a  ratio  of 
delivered  specific  impulse  to  vacuum  specific  impulse  plotted  as  a 
function  of  altitude.  These  data  are  presented  in  figures  169  through 
186  for  primary  area  ratios  of  35,  50,  and  80.  Tiese  data  are  independ¬ 
ent  of  thrust  level  for  a  constant  primary  area  ratio. 


(U)  ITie  delivered  specific  impulse  at  other  thdn  vacuum  conditions  can  be 
calculated  using  these  data.  Tire  delivered  specific  impi  Ise  at  any  alti¬ 
tude  up  to  200,000  ft  (above  200,000  ft  is  considered  vacuum  conditions) 
is  calculated  by: 


where: 


'alt 


"alt 

Ivae 


1 


•alt 


Delivered  specific  Impulse  at  the  altitude 
of  interest 


*»alt^*''ac 


Ratio  of  altitude  to  vacuum  performance  for 
the  altitude  and  engine  conditions  of  interest 


^vae  *  Delivered  vacuum  specific  impulse  for  the 
engine  conditions  and  secondary  area  ratio 
of  interest 


also: 


F 


alt 


r 


vac 


In  instances  where  If/Iyac  plotted  versus  pressure  ratio,  the  pressure 
ratio  is  calculated  by: 


where : 


Ft 


■  Chamber  pressure,  peia 

P^  Ambient  pressure  at  the  altitude  of 
interest,  psia. 


CONFIDENniU 


(U)  The  curves  present  altitude  perfor-oance  for  the  engines  with 

the  secondary  nozzle  extended  at  high  altitudes  and  with  the  secondary 
nozzle  retracted  at  Icsz  altitudes.  Low  altitude  prnury  nozzle  data 
have  i\ot  been  included  for  Instances  where  the  primary  nozzle  exhau:.t 
would  be  expected  to  reattach  to  the  secondary  shroud. 

b.  Weight 

(U)  Engine  weight  is  presented  in  figures  187  through  196. 

c.  iJlmcnsional  Data 

(C)  Sti'WcJ  engine  Ungth  (secondary  nozzle  retracted)  is  shown  in  fig¬ 
ures  1<47  thii'ugh  7116.  Overall  engine  length  (secondary  no/zlr  extend  rd) 

Is  shevn  in  ilguris  7U7  through  209,  Secondary  nozzle  esit  dlatwler  la 
shown  in  llgaic  210.  Pits  is  the  engine  rnveiope  dla-.etrr  for  engines 
with  an  owtall  rx)antlon  ratio  equal  to  60  or  larger.  At  lower  area 
ratios,  tlie  envelope  diaictrr  is  deterilnvd  by  Itir  dla-.cter  of  the  turbo- 
machinery  power  package  and  is  approKl-sitely  equal  to  6)  In.  and  SO  In. 
for  the  25i'K  and  39wK  engines,  respectively. 

2.  Effects  of  Variable  Chamber  Pressure 

(C)  The  data  used  In  the  evaluation  of  the  design  ch.araber  pressure  were 
based  on  the  following; 

1.  Chamber  pressure,  P^  »  2000  to  3500  psle 

2.  Thrust  -  200K  and  250K 

3.  Nozzle  contour  -  minimum  surface  area 

4.  Primary  area  ratio  =  35  (overall  expansion  ratio) 

5.  Primary  area  ratio  for  minimum  stowed  length  (overall 
expansion  ratio  80  to  400,  vacuum  applications  only). 

Data  are  included  for  a  lower  thrust  level  so  that  weight  and  size  data 
may  be  obtained  for  the  convton  module. 

a.  Performance 

(C)  Delivered  vacuum  specific  Impulse  Is  shown  as  a  function  of  chamber 
pressure  in  figures  211  through  213  for  250K.  Pie  ratio  of  dell-.-cred 
specific  impulse  at  any  altitude  from  sea  level  to  200,000  ft  to  delivereo 
vacuu.m  specific  impulse  is  shown  vf  *  function  of  pressure  ratio  l-n  fig¬ 
ures  214  through  216.  Pie  performance  data  given  are  based  on  full  regen¬ 
erative  cooling  of  the  thrust  chamber  and  nozzle  at  the  2000  psla  chamber 
pressure  point. 

b.  Weight 

(U)  Total  engine  weight  Is  presented  as  a  function  of  chamber  pressure  In 
figures  217  and  218  for  250K  thrust.  Engine  weight  data  arc  provided 
In  figures  219  and  220  for  200K  thrust.  The  200K  and  :5CK  thrust  data 
may  be  interpolated  to  obtain  the  weight  and  dimensional  size  for  required 
Intermedia  e  values  of  thrust. 
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c.  Dlowntlonal  Data 

(U)  Sccved  Iriigth  is  ptesrnted  in  fi(;ures  27\  and  222,  overall  length 
in  figure  223,  and  nuzzle  exit  dianeter  in  figure  22U  fur  230K  tlirust. 
Stowed  length  is  presented  in  figures  225  and  226,  overall  length  in 
figure  227  ,  and  nozzle  exit  diameter  in  figure  228  for  200K  thrust. 


Figure  162.  Engine  Configuration  With  FD  21152 

Two- Posit  Ion  Norzlc 
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(Tkii  page  it  UncloiiilieW) 


Figure  165.  Vacuum  Specific  Impulse  vs  OF  57242  Figure  166.  Vacuum  Specific  Impulse  vs  DF  57243 

Mixture  Ratio,  Minimum  Mixture  Ratio,  Rase  Notcle 

Surface  Area  Contour  XVro-  (350K  Module) 

Position  Noxzlc  (250K  Module) 


Nozxlc  (330X  Hodula)  Surface  Area  Notile  (3S0K 

Module) 
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itour  TWo-Posltlon  Bate  Contour  TVro-Poaltlon 
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^^8**r*  189.  Engine  Weight  With  Minimum  DF  56358  Figure  190.  Engine  Weight  With  Ba*e  DF  57279 

Surface  Area  Contour  TWo-  Contour  TWo-Posltlon 

Foaltlon  Nozzle  («p  -  35)  Nozzle  (tp  -  50) 
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Figure  193,  Engine  Weight  With  HaxliaiMi  DF  37282  Figure  194,  Engine  Weight  With  Bate  DF  56354 

Performance  Contour  IWo-  Contour  TWo- Position 

Position  Nosslc  (€p  -  80)  Morale  («  -  Hlnlwas) 


ruuw  195.  Engine  Weight  With  Maximum  DF  56353  Figure  196.  Engine  Weight  With  Mlnimua  DF  56355 
Performance  Contour  IWo-  Surface  Area  Contour,  Two- 

Poaltlon  Nozzle  (6^  .  Minimum)  Position  Nozzle  (€  -  Minimum) 


uo 


Potltlofi  Noszl*  (< 


TWo>Po*ltlon  Noczle 


Figure  211.  Vacuun  Specific  liapulae  vs  DF  57246  Figure  212.  Vacuum  Specific  Impulse  vs  DF  56221 

Chamber  Pressure,  2S0K  Chamber  Pressure,  250K 

Module  (HUture  Ratio  of  5)  Module  Otixture  Ratio  of  6) 
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Figure  213.  Vacuum  Specific  Impulse  vs 

Chamber  Pressure,  250K  Module 
(Mixture  Ratio  of  7) 
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Figure  214.  TWo-Fosition  Nozzle  Altitude  Per* 
formancc  at  Mixture  Ratio  of  S.O 


OF  56034 
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Figure  215.  Two-Positlon  Nozzle  Altitude  DF  56035 

Perforrjnce  at  Mixture  Ratio 
of  6.0 
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Figure  216.  IVro-Position  Nozzle  Altitude  DF  56036 

Performance  at  Mixture  Ratio 
of  7.0 
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rigur*  219.  Engine  Weight  With  Nln*iMi0  DF  S4349  Figure  220.  Engine  Weight  With  Hinimun  VI  56343 
Surface  Area  Contour  IWo*  Surface  Area  Contour  Two* 

Foaitlon  NozsU,  a  -  35  Foaltloc  Nozzle,  <  ■  Hininu* 

(200K  Thrust)  ^  (200K  Thrust)*  ^ 
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B.  FDXD  Fl'SITlON  LICHTWCIOIT  NOZZLE 

(C)  The  data  prermted  In  thlt  section  are  for  the  high  pressure  staged 
ronbustlon  engine  utilizing  a  fixed  lightweiglit  nozzle,  Tlie  basic  engine 
design  requi  rernents  and  features  are  identical  to  those  discussed  in  the 
previous  paragraph  except  that  the  two-position  nozzle  feature  is  net 
provided.  Data  for  the  fixed  liglitwelght  nozzle  are  given  for  a  chamber 
pressure  of  3000  psia. 

1.  Performance 

(U)  Delivered  vacuum  Impulse  for  the  fixed  lightweight  nozzle  is  identical 
to  that  of  the  two-position  lightweight  nozzle  tnd  can  be  obtained  from 
figures  163  through  168. 

(C)  Perfomance  from  sea  level  to  200,000  feet  for  the  fixed  nozzle  la 
shown  as  a  ratio  of  delivered  specific  impulse  to  vacuum  Impulse  plotted 
as  a  function  of  altitude.  These  data  are  presented  in  figures  229 
through  231  for  a  mixture  ratio  of  3.0,  6.0,  and  7.0. 

(U)  Using  the  above  ratio  curves,  the  delivered  specific  Impulse  at  other 
than  vacuum  conditions  can  be  calculated.  Jlie  delivered  specific  Impulse 
at  any  altitude  up  to  200,000  ft  (above  200,000  ft  is  considered  vacuum 
conditions)  is  calculated  by: 


1 


■alt 


X 


vac 


where: 

1,  •  Delivered  specific  impulse  at  the  altitude 

of  interest 

Ig  i^/Xygc  ■  Ratio  of  altitude  to  vacuum  perfomance  for 
*  the  altitude  and  engine  conditions  of 

interest 


Xyac  “  Delivered  vacuum  specific  impulse  for  the 
engine  conditions  and  secondary  area  ratio 
of  interest 


also: 
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2.  Weight 

(U)  Weight  for  engines  using  a  fixed  lightweight  nozzle  is  presented  in 
figures  232  through  236. 
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3,  Dlmcnilonal  Data 

(U)  TJie  overall  nozzle  dla.Tirteis  are  iirest-nted  in  flg'^re  235  and  the 
total  engine  lengtha  (lesented  in  figures  236  tlirough  238.  Tlieae  data 
are  the  same  as  that  used  ior  the  two-position  nozzle  hut  are  repeated 
to  extend  the  data  to  lower  ex(vaniion  ratios. 


Figure  229.  Fixed  Lightweight  Nozzle  DF  59929 

Altitude  Ferforriance  at 
Mixture  Ratio  of  5.0 
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Figure  230.  Fieed  Lightweight  Noetic  OF  59930  Figure  231.  Fixed  Lightweight  Notile  OF  59931 

Altitude  Ferfenaence  ct  Altitude  Perforratnce  et 

Hiature  Batio  of  A.O  Mixture  Ratio  of  7.0 


Contour  Fixed  Lightweight  Pcrfortnance  Contour  Fixed 

Nozzle  Lightweight  Nozzle 


Lightweight 


Figure  236.  Overall  Length  With  Bt.se  DF  59934  Figure  237,  Overall  Length  With  Haalnua  DF  59935 

Contour  Fined  Llghtwel^t  Frrforvance  Contour  Flaed 

Nossle  Lightweight  Notilc 
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238.  Overall  Ler.gth  With  Minlmun 
Surface  Area  Contuur  Fixed 
Lightweight  Nozzle 
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C.  ENGINE  UlTh  FIXED  REGENERATIVE  NuZZEB 

(C)  Data  preicnced  in  this  paiagraph  arc  for  high-prmure  itaged-combustion 
engines  using  fixed  regcnetstively  cooled  noriles.  Tliese  dsta  are  based 
on  the  same  engine  requirements  and  characteristics  previously  referenced 
except  for  the  use  of  a  fixed  regeiierat ively  cooled  nozzle.  Data  arc  given 
for  a  chamber  pressure  of  3000  psia.  Data  arc  limited  to  a  vacuum  thrust 
level  of  230K  (350K)  or  less. 

1.  Ferfoioanca 

(U)  Delivered  vacuum  perforisance  is  presented  for  thrust  levels  of  230K 
and  350K  in  figures  239  through  24<t.  The  ratio  of  delivered  specific 
impulse  at  any  altitude  from  sea  level  to  200.000  feet  to  delivered 
vacua's  impulse  is  the  same  as  that  given  for  tlie  fixed  lightweight 
nozzle  in  figures  229  through  231. 

3.  Dimensional  Data 

(U)  The  dimensional  data  arc  the  same  as  those  given  for  the  fixed  light* 
weight  nozzle.  Overall  engine  length  Is  shown  in  figures  236  through 
238  and  nozzle  exit  diameter  is  given  In  figure  235. 

2.  Weight 

(U)  The  total  weights  for  engines  using  fixed  fully  regeneratively  cooled 
nozzles  are  given  in  figures  245  through  247. 


Hlxture  Ratio,  Base  Contour  Mixture  Ratio,  Maximum 

Fixed  RcBeneratively  Cooled  Performance  Contour  Fixed 

Nozzle  (250K  Module)  Regeneratively  Cooled  Nozzle 

(2S0K  Module) 
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vacuum  apeciiic  impulse  vs  uw  Figure  Vacuum  Specific  Impulse  vs 

Mixture  Ratio,  Minimum  Mixture  Ratio,  Base  Contour 

Surface  Area  Contour  Fixed  Fixed  Rrgcneratlvcly  Cooled 

Rcgenera lively  Cooled  Mottle  Mottle  (350K  Module) 

(2S0K  Nodule) 


Mixture  Rutio,  Maximum  Mixture  Ratio.  Minimum 

Perfornance  Contour  Fixed  Surface  Area  Contour  Fixed 

Regenerat Ively  v,'>jled  Noczle  Rcgeneratlvely  Cooled  Notrle 

OSOK  Module)  (3S0K  Module) 
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Figure  24S 


Figure  747.  Engine  Wel( 
Surface  Art 
Rcgeneratlt 


GO! 
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AFPtNDlX  111 
(XiHMON  MODULE  ENGINE  DATA 


(U)  This  appendix  presents  engine  performance,  weight,  and  size  data 
for  the  s(>eclflc  2S0K  and  350K  common  module  engines  selected  In  the 
appllwatlons  study.  Engine  data  are  given  as  a  function  of  nozzle 
expansion  ratio  and  contour  with  the  fixed  power  package.  These  data 
are  based  on  two-posltlon  lightweight  nozzlea. 

A.  PERFOR.MA.NCE 

(U)  The  delivered  vacuum  specific  impulse  and  sea  level  Impulse  la 
presented  In  figures  2^8  through  252  for  the  250K  com.mon  module  and 
In  figures  253  through  257  for  the  350K  common  module. 

B.  WEIGHT 

(U)  The  engine  weight  Is  given  In  figures  2SS  and  259. 

C.  CIMENSIOKAL  DATA 

(C)  The  nozzle  exit  diameter  Is  shown  In  figure  260.  The  envelope 
diameter  of  the  tcrbomachlnery  package  Is  65  Inches  for  the  250K  engine 
and  80  Incles  for  the  350K  engine.  The  overall  length  l5  presented  In 
figures  261  and  262.  The  stowed  engine  length  for  nozzles  retracting 
from  an  expansion  ratio  of  35  are  given  In  figures  263  and  264.  The 
minimum  stowed  length  Is  given  In  figures  265  and  266.  The  break  In 
slope  Is  caused  by  the  point  wliere  the  secondary  nozzle  can  be  retracted 
over  the  turbopump  envelope. 
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Figure  248.  Sc«  Level  and  Vacuum  Specific  DF  59945  Figure  249.  Sea  Level  and  Vacuum  Specific  DF  59946 

Impulse,  250K  Common  Module,  Impulse,  250K  Common  Module, 

Mixture  Katlo  of  5.0  Mixture  Ratio  of  5.5 


1 


COKFIDEKM 


263 


Inpulse,  250H  Conraon  Module,  Impulse,  250K  Common  Module 

Mixture  Ratio  of  6.0  Mixture  Ratio  of  6.5 
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Figure  256.  Sea  Level  and  Vacuum  Specific  DF  59953  Figure  257.  Sea  Level  and  Vacuum  Specific  DF  59954 

Impulse,  330K  Common  Module.  Imo'ilse,  350K  Coonon  Module, 

Mixture  Ratio  of  6.5  Mixture  Ratio  of  7.0 


COHFIDENTIAl 


f 


I 


Figure  25*.  Engine  Weight  tor  CoiMion  DF  59959  Figure  259.  Engine  Weight  for  Coiwnon  DF  59960 
Module*  (Nozzle*  Retract  Modules  (Nozzles  Retract 

from  C  -  35)  for  Minimum  Stowed  Length) 


Figure  26C.  Exit  DUmeccr,  Coonon  Module  DF  59958  Figure  261.  Overall  Length  of  250K  Connon  DF  59957 

Module. 


rigur*  262.  Overall  Length  of  350K  DF  59963  Figure  263.  250IC  Cowion  Hodule  Stowed  DF  59955 

CooHon  Module  Length 
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Figure  266.  350K  Convnon  Module  Minimum  CF  59962 
Stowed  Length 
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APreNDlX  IV 

Al-HLICATIOSS  STUDY  GROUND  RULES 


(U)  Specific  ground  rules  applicable  to  the  Applications  Study  were 

established  by  RPL.  Tliese  ground  ruler  are  presented  in  the  following 

list. 

(U)  1.  In  the  350K  Applications  Package,  an  attempt  has  been  made 
to  keep  vehicle  gross  weights  similar  to  the  230K  cases, 
within  the  limitation  of  integer  numbers  of  modules. 

(U)  2.  The  dimension  given  for  fairing  attachment  in  Section  3.2.1, 
Case  3  of  the  250K  Applications  Package  should  be  60  Inches 
Instead  of  110  inches. 

(U)  3.  The  Applications  Packages  were  written  to  allow  mixture 

ratio,  0/F,  variations  during  flight  to  optimize  payload. 

(U)  4.  A  vehicle  thrust  structure  spring  rate  constant  of 
2  X  10^  Ib/ln.  should  be  used. 

(U)  S.  The  nominal  pressures  specified  at  tank  exits  will  remain 
constant,  regardless  of  vehicle  accelerations. 

(U)  6.  The  thrust  structure  in  Case  5  may  be  extended  between  the 
propellant  tanks  above  the  mounting  plane  to  allow  more 
compact  packaging. 

(U)  7.  Feed  lines  between  tank  exits  and  engines  nay  be  routed  above 
the  specified  exits  if  desired. 

(U)  8.  Heat  shielding  is  required  for  vehicle  protection  and  nay 
not  be  necessary  for  all  cases. 

(U)  9.  The  S00*F  temperature  limit  for-  engine  surfaces  may  be 
achieved  in  the  most  advantageous  method.  Including  the 
localized  application  of  appropriate  insulation. 

(U)  10.  To  size  the  engine  for  the  application  study,  the  upper 
stage  cases  will  be  used  to  determine  the  optimum  large 
area  ratio  nozzle.  In  this  optimization,  mixture  ratio 
will  also  he  varied.  The  optimum  large  area  ratio  will 
be  used  to  size  pumps,  throat  and  flow  rates  at  a  mixture 
of  6:1  for  250K  of  vacuum  thrust. 

(U)  11.  The  ratio  of  maximum  side  load  to  axial  thrust  presented 
in  table  4.2.2  of  the  applications  package  will  be  used 
to  determine  maximum  deflection  for  mechanical  gimballing 
to  size  secondary  injection  systems.  The  impulse  ratio 
in  table  4.2.2  indicates  the  influence  of  v/c  on  effective 
thrust,  but,  it  and  the  ratio  of  average  side  load  to 
axial  thrust  will  not  be  used  in  thl;  study. 
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(U)  12.  The  placement  of  boukt  {Kiraps  in  relation  to  the  engine  aiav 
be  varied  depending  on  the  s|>ecilic  application. 

(U)  13.  The  engine  in  five  engine  propulaloi.  liykteras  ahuuld  be 
placed  in  a  cruclfora  array. 

(U)  14.  Application  analysis  of  secondary  injt  .ion  T\'C  should 

consider  the  weight  of  unexpended  injectant,  tank  weight 
assignable  to  the  injectant  and  the  weight  of  secondary 
injectant  syste-n.  Expenditure  of  injectant  should  be 
deternined  by  assuaing  a  constant  flow  rate  based  on  the 
ratio  of  average  side  force  to  traxlraum  axial  thrust.  Tliia 
constant  injectant  flow  rate  should  start  at  the  beginning 
of  the  tralecto.-y  and  continue  for  a  time  sufficient  To 
satisfy  the  ratio  of  total  side  Impulse  to  total  axial 
impulse.  An  adequate  reserve  of  injectant,  consistant 
with  existing  practice  should  be  provided.  Tlie  influence 
of  r\'C  on  effective  engine  impulse  should  be  neglected. 

(U)  15.  Heat  exchanger  weight  estimates  will  be  based  on  main¬ 
taining  ullage  pressures  equal  to  the  values  specified 
as  no.minal  tank  exit  pressures  and  with  collanse  factors 
of  3  for  LH2  pressurant  and  2  for  LO2  pressurant, 

(U)  16.  Feed  system  weight  estimates  for  the  application  study  will 
assume  pressure  drops  from  tank  exits  to  engine  inlets  of 
3.0  psl  for  liquid  hydrogen  and  2.5  psi  for  liquid  oxygen. 
Prevalvcs  will  not  be  included  in  these  line  weights. 
Symmetrical  tank  outlet  locations  will  be  assumed  for 
Cases  1  and  3. 

(U)  17.  All  engine  arrangements  In  the  vehicles  of  the  application 
study  will  be  syncmctric  about  the  pitch  axis  and  syntmetric 
about  the  yaw'axls. 

(U)  18.  A  minimum  engine  clearance  of  2  inches  will  te  used  in  the 
application  study. 

(U)  19.  Base  heat  shield  weight  estimates  for  the  application  study 
will  assume  a  1  psi  pressure  differential  (based  on  vented 
base  data)  and  a  heat  shield  surface  that  extends  to  the 
skirt. 

(U)  20.  The  maximum  dimensions  of  clustered  engine  arrangements  in 

the  applications  study  will  be  less  than  the  diameter  of  the 
vehicle  skirt. 
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IS  ASSTSACr 

Hi«  ApplicAtlons  Study  was  conducted  as  a  port  of  the  Advanced  Devtlop-nent  frogrAS 
for  4  High  Perforrunce  Staged  Combustion  Oxjgt n /Hydrogen  Rn-kct  Engine.  Pie  Overall 
oitjfcilve  of  the  Applic«tion»  Study  was  to  investigate  the  application  of  thii  engine 
n  si*  r(  prcseiiiAt  tvi*  advanced  rocket  Nliges  and  to  detemine  the  resulting  performance. 

A  ktAgc  figure  of  ffierit  (referred  to  os  the  rerfermonce  Index,  Wjj)  wai  ipiciflrd  and  used 
for  jx*  r  f  et -vinre  evaluation.  Pcrfoi.^ince  Index  included  contlderot  ion»  of  engine  ipecific 
Impulse,  wvight,  xlzc,  and  installation  feature*  a%  these  paromv'tcrs  affect  vthlcle  per- 
fornance.  Engine  associated  weight  include*  Item*  •och  a*  thrust  structure,  feed  line*, 
lhru«t  vector  control,  failure  detection  equipmi'nt,  and  propellant  tank  pressurlration. 

T^ie  anal)sis  was  conducted  at  TSOK  and  3S0K  vacuum  thrust  level*  in  each  of  six  vehicle 
jppl leal  lone . 

Based  upon  the  result*  of  the  Applications  Study,  the  lightweight  two-pc»ltlon  bell 
norrle  wa*  selected  as  the  basic  engine  norrle  configuration.  Engine  nozrle  expansion 
ratio  varied  considt-ribly  In  each  of  the  six  vehicle  case*.  Li^cr  stages  tended  to 
optinlze  with  lower  fApansion  ratio  norrlei  and  upper  stages  with  higher  expansion  ratios. 
A  connon  engine  nodule  size  for  both  the  2S0K  and  350K  thru-st  levels  was  drterniiud  by 
collectively  considering  the  requlrimentt  for  ell  six  vehicle*.  Final  Ferforoaner  Index 
values  were  determined  using  this  corgmon  engine  module  and  exhaust  nozzles  individual ly 
selected  (expansic-n  ratio,  cotiicxir,  fixed  or  two-position)  to  provide  Urt  vrhirli  per¬ 
formance.  The  final  sunned  parformance  of  the  six  \*ehlclr  cases  («SOK  engine)  was  99. 2X 
L't  the  perfoiTa.ncr  that  could  be  realized  for  cases  where  the  engine  module  was  individ¬ 
ually  sized  in  each  vehicle  cate. 

A  complete  engine  descrtpllivi  including  parametric  data  and  opiraling  paraucters  it 
included  in  the  report. 
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